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Abstract
Communication is an ever expanding field driven by many factors. As space 
borne instrumentation and data gathering/processing systems advance, an 
inherent increase in the data rate and bandwidth of the communications sys­
tem follows. Optical terminals can provide advantages such as larger data 
bandwidths, lower relative power consumption, smaller size/weight over mi­
crowave systems due to the nature of the medium used. However due to the 
narrow divergence of the medium used in optical communications, a very 
accurate and responsive pointing system is required in order to maintain the 
link. A pointing error greater than a few micro radians at any stage can 
dramatically reduce the power seen on the receiver, leading to data corrup­
tion and or loss of that channel. To maximise the performance of an optical 
link a stable and precise mechanism is required for the duration of commu­
nications. Magnetic levitation technology provides a solution to overcoming 
disturbances, and offers resolution that is only constrained by the sensors 
and system noise. Magnetic levitation has been considered and implemented 
in many areas and differing fields, and achieved high precision positioning. 
However this technology has not been applied to a space-borne magnetically 
levitated optical telescope. In this research a new concept for the precise 
pointing of space craft systems is developed using magnetic levitation to me­
chanically isolate the two halves of the Precise Pointing Mechanism (PPM). 
Such a technology offers an active anti-vibration solution that offers superior 
anti-vibration and jitter isolation compared to existing technologies. This 
new concept is applied to a bespoke novel optical communications terminal 
in which the separate pointing mechanisms of a conventional optical termi­
nal are combined into a single mechanism. This is the first demonstration of 
such an optical system, however the technology can adapted for a range of 
applications where precise pointing and active anti-vibration would be ad­
vantageous to the system.
K eyw ords: Optical Communications, Magnetic Levitation, Control, Poin­
ting, active anti-vibration.
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Chapter 1 
Introduction
1.1 M otivation
The motivation behind this research is to develop a new mechanism to fa­
cilitate the precise pointing of instrumentation and antenna of space craft 
systems, utilising magnetic levitation. The small size, scalability of the tech­
nology and high resolution of this mechanism makes it an ideal candidate 
for the actuation of an Optical Communications system. The Precise Poin­
ting Mechanism (PPM) developed as part of this research utilises magnetic 
levitation to actuate the telescope antenna of an Optical Communications 
Terminal (OCT) to facilitate antenna pointing and tracking for application 
to free-space optical communications. Using magnetic levitation for this ap­
plication has the following benefits:
•  The pointing and tracking resolution is only limited by the sensors and 
control electronics.
•  If the OCT is manipulated the need for multiple mirror assemblies is 
reduced. This simplifies the control system, mechanical components 
and overall complexity of the OCT.
• There are no mechanical moving parts, therefore component wear is 
eliminated during operation.
•  No moving parts or mechanical interfaces means no lubrication is re­
quired.
•  An active anti-vibration approach allows rejection of a larger range of 
vibrations.
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The PPM developed in this research uses magnetic levitation to manipulate 
a bespoke telescope element of an OCT through a 10° Field of View (FOV), 
in Azimuth and Elevation with precise accuracy of ±3 prad pointing accu­
racy as seen on the receiver element of the terminal.
The focus of the research has been split into the following objectives:
• Develop a bespoke optical system for a small size OCT. This needs 
to provide gain to overcome the losses caused by the distance between 
two terminals. It also needs to provide a means to track the optical 
signal from the opposing terminal to compensate for any mis-alignment 
between the two terminals.
•  Develop a novel mechanism technology for the actuation of an OCT 
antenna, or platen. This mechanism is responsible for the levitation 
and actuation of the bespoke optical terminal. This mechanism is res­
ponsible for the pointing of the bespoke OCT with a resolution high 
enough to maintain an optical link.
• Develop a control system to facilitate coarse and fine pointing/tracking 
of the OCT antenna or platen, utilising positional data from multiple 
sensor networks.
• Design and fabricate a bespoke engineering model to evaluate pointing 
performance of the mechanism.
• Demonstration of the PPM using the bespoke engineering model. This 
aims to show the pointing resolution achievable with the mechanism 
developed in this research.
1.2 Scope of this Research
The theme of this research is the technological investigation, development 
and demonstration of a new mechanism utilising magnetic levitation to com­
pletely levitate, mechanically isolate and actuate a platen in all 6D0F. The 
two main elements developed in this research are shown in Figure 1.1 and 
Figure 1.2.
1.2. SCOPE OF THIS RESEARCH
f c .
Figure 1.1: Base unit of the PPM 
experiment developed in this re­
search.
Figure 1.2: Platen of the PPM ex­
periment in the form of an Optical 
Caommunications Terminal.
the base element of the PPM shown in Figure 1.1 contains bespoke elec­
tromagnetic actuators that interface with the corresponding elements on the 
platen of Figure 1.2. The focus of the research sees the integration of three 
separate pointing assemblies found in existing OCT’s into a single optical 
antenna (Figure 1.2). The following areas are considered outside the scope 
of this research.
• Modulation schemes - These are considered outside the scope of this 
research as many different techniques can be applied to enhance the 
data throughput depending upon application scenario. Throughout 
the research presented in this thesis a direct detection On-Off-Keying 
(OOK) modulation scheme has been assumed.
• Transmitter/Reeeiver Component - Throughout this research an Ava­
lanche Photo Diode (APD) has been assumed as the receiver unit. The 
receiver element of the terminal is considered a black-box onto which 
the received optical signal is focused. The transmitter source used is 
assumed to be a Commercially Available of the Shelf (COTS) laser 
source, therefore the custom design of this element is considered to be 
outside the scope of this research.
• Launch Lock Mechanism - This is a component that will hold the optics 
in a predetermined position throughout the launch phases, releasing the 
required elements upon deployment of the terminal. The complexity of 
this element is considered outside the scope of this research, as the time 
and resources required to develop and implement a locking mechanism 
would add considerably to the PPM.
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Tribology/Thermal - Tribology of the mechanical components of the 
engineering model are selected and driven for ease of manufacture ra­
ther than suitability for the environment in which the PPM  is intended. 
The design is not optimised from a thermal point of view as the engi­
neering model is designed for demonstration/evaluation of the concepts 
developed in this research rather than for structural/space qualification 
purposes.
1.3 Thesis Structure
• C h a p te r  1 describes the motivation behind the research, the goals, 
objectives and the deliverables of this research.
• C h a p te r  2 gives an overview of some of the existing literature, research 
and mission heritage relating to optical communications terminals, ma­
gnetic levitation and vibration effects. This chapter is designed to illus­
trate the position of this research, give the reader some background and 
identify some key drivers for the design of this research.
•  C h a p te r  3 presents some applications to which the PPM  of this re­
search could be applied in an Optical Communications scenario, or 
part of the actuation mechanism for a high resolution imaging system. 
These scenarios are also used to aid in the derivation of design requi­
rements and drivers that will be used to develop an engineering model 
to demonstrate this research.
• C h a p te r  4 discusses the design and analysis of the optical elements 
of the telescope assembly that is levitated and actuated by the PPM. 
It presents the modeling done to demonstrate the operating principles 
of the optical elements of the PPM  and designs the telescope assembly 
that acts as the platen.
• C h a p te r  5 discusses the design and configuration of the magnetic sys­
tems that provide the levitation and actuation in the PPM. A number 
of possible methods for levitating and actuating the telescope assembly 
of the PPM are discussed before presenting and developing the magne­
tic system used in the T1004 version of the PPM. Sources of error are 
also discussed with a view to reducing their influence as much as pos­
sible in the engineering model used to evaluate the performance of the 
PPM.
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• C h a p te r  6 presents the hardware of the engineering model and dis­
cusses key elements of the PPM (Optics, Magnetics, Current amplifiers, 
sensor configurations and Terminal dynamics). It discusses the deve­
lopment and application of the control systems of the PPM  and shows 
the simulation model for both the coarse and fine control systems. It 
finally implements the control systems on the engineering model of the 
PPM and presents some results to show the positioning of the telescope 
assembly and the frequency responses of the controllers for all 6-DOF. 
Finally it discusses the pointing resolution of 4> and p with respect to 
the optical power received as a function of pointing error.
•  C h a p te r  7 discusses the control system of the PPM actuators and 
shows the main elements of the models implemented in a simulation 
environment and then later in a real time environment to interface with 
the PPM hardware.
• C h a p te r  8 shows some of the results obtained from the engineering 
model to demonstrate the operation and pointing of the PPM. It also 
shows the power consumption of the engineering model.
1.4 Contribution to  state of the art
This research has seen the development of a new precise pointing mechanism 
based on magnetic levitation, utilising a change in the magnetic field to in­
duce a change in displacement or rotation on the platen.
Pointing mechanisms to date typically involve gimbals style assemblies to 
satisfy rotational requirements with translation stages to facilitate linear mo­
tions, or combinations/ variations of these elements. Traditional mechanisms 
require some form of gearing which defines the resolution achievable and the 
operational lifetime. This also determines the maximum achievable resolu­
tion, and typically as the resolution requirements increase so does the cost 
of implementation. The mass associated with gearing and drive systems, as 
well as support structures accounts for a large proportion of the mass of the 
mechanisms, which is undesirable.
One of the focus’s of this research was to reduce the mass of the mechanism 
while retaining and improving the resolution achievable. Following the simple 
architecture for traditional pointing mechanisms the PPM developed here 
uses two magnetic systems, one for translations and one for rotations. The 
major difference is the removal of any kind of gimbal assemblies and gearing, 
and the introduction of magnetic actuators and permanent magnets. The 
platen is then levitated using these components. This significantly reduces
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the mass of the terminal and removes any mechanical link between the platen 
and magnetic actuators which effectively isolates one physical element from 
the other.
In this research the levitated platen has been implemented as an antenna of 
an OCT, which until now has never been completely magnetically levitated 
and actuated. Although a number of solutions claim to have levitated either 
a mirror assembly or antenna of an OCT you will find that they contain 
elements that either mechanically support/drive a DOF [21], [106], [9] or 
provide umbilical connection between a levitated element and the grounded 
part (grounded part in this sense refers to an element that is not levitated,
i.e. the base plate to which it is all attached). These implementations contain 
mechanical links and therefore do not mechanically isolate the platen from 
their mountings, unlike the technology of this research. Other systems that 
do achieve levitation without mechanical assistance in 6 DOF are very large 
and power hungry when compared to the PPM  [16], and typically have an 
OCT element attached to a platen as an after thought, without which the 
system would not work [107].
The platen of this research could take any form provided it contains the 
following elements attached to it or forming part of its construction:
• Pointing Cores - Four electromagnetic cores must be attached to a face 
of the platen with centres rotated 90° to each other.
• Translation Cores - Four electromagnetic cores must be attached around 
the circumference of the platen with centres located at 90° to each other 
and rotated to between 15° and 45° depending upon the stiffness re­
quirements for the translation axis.
• Permanent Magnets - Permanent magnet pairs must be attached to the 
same face as the pointing cores, they must be of the opposite pole to 
the corresponding sets.
Although magnetic levitation is not new, few systems demonstrate complete 
6 DOF mechanical isolation, or the displacement ranges which are achieved 
in this research [107], [18], [20].
None of the above mentioned technologies would be of sufficient degrees of 
freedom, resolution or size in order to effectively be applied to an OCT. The 
approach in this research has been to develop in tandem with the PPM  an 
optical bench that is capable of operating without the need for the separate 
assemblies (FPA, CPA). This reduces the complexity, cost and mass. Repla­
cing them is the actuation of the entire telescope antenna of the OCT. This 
research has shown that it is possible to correct for disturbances th a t will
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degrade the communication channel by manipulating the telescope assembly.
1.4.1 Summary - Contributions
This research contributes to the state of the art in the following ways:
• Complete mechanical isolation of the platen, as discussed previously 
not many of the existing architectures allow this, (even angstrom stages 
that use oil and fluids as a flotation medium could be considered to have 
a mechanical connection through the fluid).
• Actuation in all 6 DGF, one of the only systems that can demonstrate 
micro-meter and micro-radian resolution across all 6 DGF and over 
comparatively large ranges.
•  First known GCT architecture of its kind. No existing systems utilise 
magnetic levitation and actuation of the entire telescope assembly in 
order to achieve the pointing requirements to establish and maintain 
and optical link.
• Achievement of high resolution positional data from a combination of 
high and low resolution sensor networks.
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Chapter 2 
Literature R eview
The focus of this research is the development of a megnetically levitated 
pointing mechanism. The mechanism developed is then applied to an Optical 
Communications Terminal (OCT). Therefore this chapter looks at technolo­
gies associated with magnetic levitation and the control systems developed, 
discusses optical communication terminals and missions, and presents some 
of the space heritage that has been gained over the last few decades. It then 
considers the effects of jitter and vibrations.
2.1 Mag. Lev. Technology and Heritage
Magnetic levitation is not in itself a new technology, and has been applied 
to a number of applications where precise positioning and actuation is requi­
red. Work undertaken by Ren and Stephens [16] on a magnetically levitated 
table that would act as a mounting platform for the fine pointing mirror of 
an optical terminal aims to achieve a pointing and tracking accuracy of 1 
/irad [16]. The platform developed by them is shown in Figure 2.1. The 
technology developed consists of a shaft that is held using a combination of 
permanent magnets and Electromagnetic coils [16]. This shaft is completely 
levitated and provides a range of ±45° azimuth, ±0.135° elevation and ±508 
nm radial motion [16]. The engineering model developed by their research 
uses four radial and one axial air gap sensors to levitate the shaft within a 
nominal radial air gap of 0.635 mm, and uses optical encoders to measure the 
shafts angular position [17]. The table is levitated and manipulated using 
twelve electromagnets and eight permanent magnet pole pairs [17]. The 
control architecture of this platform is shown in Figure 2.2. The controller 
consists of two parts. One part controls the levitation of the table, and the 
other controls the positioning based on position feedback from a Position
13
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Figure 2.1: 6D 0F magnetically levitated system developed by Ren and Ste­
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Figure 2.2: The control system of the 6 DOF platform of Ren and Stephens 
[107].
Sensing Device (PSD) [16]. The X  axis position of the laser spot incident on 
the PSD is directly scaled from the PSD to bring it in line with an encoder 
signal that represents the shafts angular position. This value (Called PSDX) 
is then subtracted from the position of the shaft in order to cause a rotation 
that corrects for the X  axis pointing error [16]. The work undertaken in 
[16] is a very large and heavy system that was designed for a wide range of 
applications including an anti vibration table. The research of [16] is applied
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as a pointing mechanism that actuates a mirror that is fixed to the top of 
the table.
A similar approach to mirror actuation was undertaken by Moog Incorpo­
rated [21], where a mirror was levitated using a combination of permanent 
magnets and a BeCu (Beryllium Copper Alloy) diaphragm . The pointing 
mechanism uses small permanent magnets positioned above larger Electro­
magnetic coils to perform the levitation while the diaphragm holds the posi­
tion and provides a restoring force to keep the mirror in a reference position 
[21]. By adjusting the force generated by four Electromagnetic coils the 
angle of the mirror can be manipulated [21]. The mechanism is capable of 
moving through a ±2° FOV and aimed for an accuracy of 1 //rad using non­
contacting inductive sensors mounted between each coil [21]. The accuracy 
of these sensors is quoted at 50 prad for a full scale movement of 2°, and 
therefore for a commanded movement of 0.2° the position should be within 
5 //rad, which is short of the 1 //rad accuracy desired [21]. Also, the life 
of the terminal is limited by the mechanical BeCu diaphragm used. If this 
diaphragm breaks or loses elasticity then the terminal becomes limited as no 
element of the mechanism would exist to return the mirror to its reference 
position. Any active anti vibration isolation is also not possible as the BeCu 
diaphragm would transfer these to and from the mirror.
More developments in the precision control of platforms using magnetic le­
vitation have been explored by Zhang et al. [74]. Their research developed 
the platform shown in Figure 2.3 which achieves the sub micro-meter and 
micro-radian resolutions for position, but only over a limited range. It also 
uses six expensive and sizeable interferometers to achieve these resolutions 
(as shown in the system diagram of Figure 2.4), which considerably increases 
the physical footprint of the system.
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Figure 2.3: Image showing the
platforms developed by Zhang [74].
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Figure 2.4: Interferometry confi­
guration for the Zhang maglev 
platform [74].
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The mechanism of Figure 2.3 uses a Lorentz Force actuation method given 
by Equation 2.1.
E  =  /  •  L X B (2.1)
The Lorentz force is generated by conducting a current through a magnetic 
field, where /  is the current, L is the length of the conductor surrounded by 
the magnetic field and B is the density of the magnetic field. In the case 
of the system developed by Zhang in Figure 2.3, the magnetic field, B is 
generated using permanent magnets. This ahs the advantage of reducing the 
current consumption in order to achieve levitation. A similar configuration 
was developed by Hao et al. [75], that developed a surface motor levitating 
using Lorentz forces reacting to a configuration of permanent magnets. A 
system schematic for this device is shown in Figure 2.5. Lorentz force actua-
Mover
Permanent inaunet
X-Propulsion coil
Y-Propulsion coiP
Levi tat ioif coil
Figure 2.5: A lorentz law based surface motor for levitation of a platform 
developed by Hao [75].
tors are also utilised in configurations for Active Magnetic Bearings (AMBs). 
The systems developed by Kim et al. [76] again uses Lorentz force actuators 
and permanent magnets, but this time in a differential configuration. The 
permanent magnets are used to provide bias fiux in the differential configu-
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ration to reduce the forces that are required from the actuators (Figure 2.6).
Perm anent M agnet
E lectrom agnet
A M B#
U  shaped  core
irr
Axial control flux.
Figure 2.6: Lorentz force Acive Ma­
gnetic Bearing system using perma­
nent magnets to provide bias flux to 
reduce the current requirements of 
the Lorentz coils [76].
Figure 2.7: Schematic showing the 
operation of the hybrid AMB using 
permenant magnets and Lorentz 
force actuators developed by Kim
[76].
The concept of operation of the system developed by Kim et al [76] is 
shown in 2.7. The top image shows the radial forces and the bottom the 
axial forces. The central shaft is the platform in this case that is differen­
tially suspended between the surrounding actuators. In terms of coil design 
for actuation, the shape was found to be extremely important depending 
upon the application of the actuator. From D'Arrigo Aldo's work designing 
an integrated electromagnetic levitation and guidance system it can be seen 
how the shape of the actuator (or rail in that case) can affect the stability of 
the system [57]. It shows that the mechanical action desired depends largely 
upon the shape as well as the material structure of the electromagnet, and 
relates it to guidance rails of a maglev metro application [57]. It is shown 
as being possible to get a levitation/attraction force and guidance from the 
same electromagnet provided the shape of the corresponding rail or magnet 
is correctly chosen [57]. In the case of a flat surface that is larger than the 
electromagnet it is shown that only a levitation force exists without a gui­
dance force. By matching a U-shaped coil design with a U-shaped rail it
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was shown tha t a restoring and guidance force can be generated along with 
a levitation force [57].
A lot of the work undertaken in the field of AMB research can be related to 
the research contained in this thesis, since the principles of magnetic levita­
tion and some architectures overlap. In 1991 a radial AMB was proposed by 
Allaire that utilised permanent magnets to provide a passive magnetic fiux 
to improve efficiency [58]. Allaire also described and calculated the stiffness 
of the system they developed and discusses the controllers derived. Work 
undertaken by Pang also considered the use of permanent magnets to pro­
vide bias flux. Pang also described a procedure to follow in the design of 
AMB systems [59]. Detailed description of the complete modelling for AMB 
architectures was undertaken by Zayadine [60]. This also included a detai­
led numerical model of the flux and the forces generated within the AMB 
system. A simple numerical model was also described by [61] that discusses 
the use of different pole geometries for application to a magnetic levitation 
metro. The work of [61] also compared the numerical results to Finite Ele­
ment Modelling software with good correlation. The effects of hysteresis and 
selection of materials for use within an AMB system are discussed in detail 
by Murphy in [62]. This work also further discussed the use of permanent 
magnets in an AMD system.
Significant work has been undertaken looking at controllers for application 
to AMB systems. The envisaged architacture of the PPM  of this research 
and AMB’s share a number of similarities, not least due to the non-linear 
nature of the magnetic circuits. In 1990 a digital control system was develo­
ped by Williams that used second order derivative feedback to increase the 
bandwidth of the controller. This showed good results and together with an 
itegral feedback term reduced the positional error and improved the perfor­
mance of the system [63].
Rather than rotating the stator element of an AMB about its geometric 
centre, research by Bichler showed tha t the noise performance of the AMB 
system could be improved by rotating the stator about its inertial axis [64]. 
Vibrations from the stator were also further supressed by the introduction 
of a double integrator term in the control loop. This was achieved using the 
linearly proportional relationship between the commanded current and force 
produced by the actuators. This can then be used to ascertain the position 
of the stator.
Further work was undertaken by Namerikawa that described in detail the
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modelling and robustness of an AMB control system. Analysis was underta­
ken on the effects of linearisation and system uncertainties [65].
Single Input Single Output (SISO), Multi Input Multi Output (MIMO) di­
gital controllers are diuscussed extensivly in [66]. Control techniques such as 
H-infinity, Quantitative Feedback Theory and LQG/Loop Transfer Recovery 
are discussed and related to AMB control. This research also built on the 
work of [64] looking at improving the performance of the AMB system and 
overcoming mass imbalances by levitating around the centre of Inertia rather 
than geometry.
Feedack linearisation of the reluctance forces produced by electromagnetic 
actuators was discussed by Trumper in [67]. This was applied to a single 
degree of freedom magnetic suspension system. A similar approach to the 
control of a high-precision magnetic levitation stage for photolithography was 
also discussed by Kim and Trumper in [68].
The two loop, independant control system implementation for AMB’s was 
discussed in [69]. This was implemented in the radial position control system 
of an AMB, but found that additional complexity was introduced to com­
pensate for cross-coupling effects between the two controlled directions. The 
control system was implemented in the analogue domain using radiation har­
dened space worthy components, which unfortunately limited the flexibility 
of the design solution. An additional decoupling system to improve perfor­
mance was also demonstrated by Kim in a multi-axis nanoscale positioning 
system [76].
Improvements in the performance of magnetically levitated AMB systems 
were described in 2000 by Tsiotras, with a view to reducing the bias currents 
and minimising the eddy currents [71].
Building on the work undertaken by Trumpert using linearisation, Lindlau 
et al. [72] described a control system that controlled the voltage within the 
coils of an AMB for a single DOF. Using /i-synthesis, this methodology de­
monstrated a high performance controller for a non linear system that was 
independant of the disturbance forces or the displacement of the rotor in the 
single DOF.
The /i-synthesis method togethor with a hybrid H-inflnity controller for 
AMB’s was discussed in [73]. In this instance the rotor speed was trea­
ted as an uncertainty that allowed the computational complexity and order
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of the synthesised controller. The performance and stability of this approach 
was confirmed experimentally.
2.2 Optical Communications Terminals and 
Heritage
Optical Communications technology offers a number of possible advantages 
over the traditional and proven microwave communications systems. These 
include a larger data bandwidth availability, no frequency allocations requi­
red, higher data security and a smaller antenna for relative link distances 
and speeds [1]. A good example of the latter advantage is the NASA TDRS 
(Tracking and Data Relay Satellite) system. This satellite functions as a 
data relay station for other science satellites (Notably the Hubble telescope) 
or space shuttles and stations. It contains three antennas that allow it to 
communicate. Since this satellite uses microwave communication techniques 
the antennas required are approximately 4.5 m in diameter to achieve a data 
rate in the range of 300-800 MBit/s. In order to maintain this data rate the 
pointing accuracy of the RF antennae must be in the region of 87 //rad [2]. 
If an optical terminal was used then an antenna with a size of tens of cen­
timetres would be required instead of the 4.5 m for the microwave terminal. 
However a major challenge that needs to be overcome in order to success­
fully communicate using optical terminals is the requirement for precise and 
stable pointing between the receiver and transm itter elements of the com­
munication link due to the narrow divergence of the laser source [3] [6]. This 
pointing needs to be maintained for the duration of the communication. Any 
error in the alignment of the transmitted source and the receiver causes a 
decrease in received signal strength (thus increasing the Bit Error Rate) and 
can result in data corruption and possibly loss [6]. It follows that the larger 
the desired communication distance the greater the tolerance on the accuracy 
of the pointing system. It is this challenge that needs to be overcome be­
fore the benefits and advantages of optical communications can truly be seen.
In 1991 the European Space Agency (ESA) instigated an in orbit demonstra­
tion project know as SILEX. The first satellite that was used in this project 
was SPOT-4 that was successfully launched in 1998 [10]. This satellite car­
ried an optical terminal known as PASTEL which would form one half of 
the communication fink. In 2001 the setup for the experiment was comple­
ted with the launch of ARTEMIS which was carrying the Japanese developed 
optical terminal LUCE [10]. In 2003 the experiment was validated and decla­
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red as operational. The objective of the SILEX mission was to demonstrate 
the possibilities of establishing an optical link between the SPOT-4 and AR­
TEMIS satellites in a GEO-GEO and a LEO-GEO scenario [10]. The link 
bandwidth on the forward link was established as 2 M bit/s and on the re­
turn link 50 M bit/s (Over a range of 45000 km) [10]. Since March of 2003 
the Optical Link between Artemis and SPOT-4 has been established in 1327 
sessions of which only 57 session have failed [11]. Figure 2.8 shows a picto­
rial representation of the SILEX optical link, and the right side of the figure 
shows the first image transmitted via optical link from SP0T4 to ARTEMIS 
and downlinked via conventional Ka-band [22]. The SILEX link was based
Figure 2.8: Graphical impression of the SILEX Optical link (left) and the 
first image sent over the optical link (right) [22].
on On-Off-Keying (OOK) and used two laser wavelengths (819 nm and 847 
nm) to discriminate between transmitter and receiver signals.
While ESA were concentrating on the SILEX program, in 1992 the Japa­
nese Space Exploration Agency (JAXA) were also exploring the possibilities 
of Optical communication and were beginning to conceptually design the Op­
tical Inter-orbit Communication Engineering Test Satellite (OICETS). Later, 
in 1993 ESA and JAXA began talks that would lead to a program of coopera­
tion between the two agencies leading to an experiment between ARTEMIS 
of the SILEX mission and the JAXA OICETS satellite. In December 2005 
communication was established between these satellites and this proved for 
the first time that bi-directional communication between two different satel­
lites built using differing designs and technologies was possible. Following 
the success of the SILEX project and ARTEMIS in particular, ESA are cur­
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rently embarking on a joint project with Inmarsat to build a new telecommu­
nications platform called ALPHAS AT. This satellite will be a multi-purpose 
platform that will include (among other systems) an advanced star tracker 
using active pixel technology and an optical laser terminal that will be used 
for a Geostationary to LEO communication demonstration. This is targeted 
for launch during 2012.
Since 1995 Contraves space have been developing Optical-Inter-satellite Link 
(0-ISL) terminals to meet the potential customer demands. This demons­
trates that terminals are now being considered as a real alternative to mi­
crowave communication, rather than a pure demonstrator technology. The 
Inter-Satellite Front End (ISLFE) project is a Contraves Space led project to 
develop a series of Optical Terminals for use in optical communications. The 
terminals developed are in three link brackets each with G bit/s data rate 
capability. These terminals are the OPTEL 80, which has a link distance of 
typically 80,000 km, the OPTEL 25 which has a link distance of 25,000 km, 
and finally the OPTEL 02 which has a link distance of 2,000 km [15]. Each 
terminal consists of three separate beam steering mechanisms, the Coarse 
Pointing Assembly (CPA), Fine Pointing Assembly (FPA) and Point Ahead 
Assembly (PAA) [15]. The telescope antenna used has an outside diameter 
of 135 mm and uses 4 mirrors to focus the beam. The optical head and 
electronics in this terminal have an approximate mass of 21 kg and a power 
consumption of 110 W.
More recently in 2007 two nearly identical terminals were launched as secon­
dary payloads on NFIRE (Near-Field Infra-red Experiment) and TerraSAR- 
X satellites (Figure 2.9 shows the loaction of the terminal on the TerraSAR-X 
satellite, with Figure 2.10 showing a detailed photo of the terminal before 
launch) [23].
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Figure 2.9: Image depicting the 
TerraSAR satellite with the loca­
tion of the Laser Communication 
Terminal shown [23].
Figure 2.10: Photo showing the 
Laser Communications Terminal 
(LCT) on the side of the TerraSAR 
satellite [23].
On February 21, 2008 they conducted mutual cross-link experiments, and 
established 133 seconds of error free communication over a changing range 
of 3800 km and 4900 km. This demonstrated truly high data rates of 5.625 
G bit/s between the two LEO satellites. To achieve these data rates a 1064 nm 
Nd:YAG laser transmitter source was used with a Homodyne binary phase 
shift keying (BPSK) modulation format. The terminals used a beacon-less 
tracking strategy that required the ability to dither the transmitted source, 
or in essence defocus and diverge the laser medium so that it forms a larger 
cone. A single satellite acts as a master and diverges its transmission beam. 
The second satellite, the slave then uses this beam to adjust its terminal until 
the masters beam is in the centre of the receiver. The roles are then reversed 
and repeated. Finally both satellites transmit simultaneously assuming that 
this coarse acquisition process is now good enough in order to establish the 
link. Both terminals actively adjust there pointing in order to hit the centre 
of the detectors. This is now an established link for communication to be 
initiated. This is a similar process that will be utilised in an Optical link 
established using the PPM. More pointing acquisition and tracking routines 
can be found in works such as [3], [4], [8], [13], and [5].
All OCT assemblies contain a numbe rof subassemblies that facilitate the 
Pointing Acquisition and Tracking (PAT), which is the process of establi­
shing and maintaining the optical link [35]. It generally consists of three 
phases [36] that are described in this section. Each of the phases has a dif­
ferent requirement in mirror actuation. A common factor between the ISLFE 
project, the SILEX mission (PASTEL and LUCE) and the OICETS is the
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three separate pointing systems the CPA, FPA and PAA [37] [15]. Each of 
these separate systems is necessary for each of the different PAT phases in 
the communication process. For example the CPA requires a low bandwidth 
but a larger angular range than the FPA which requires a far wider band­
width but far smaller angular range. Generally the systems that exist to date 
consist of a telescope to focus the received laser beam onto the CPA and FPA 
in order to allow direction of the signal onto a receiver subsystem such as 
an avalanche photo diode or PIN device as shown in the generic diagram in 
Figure 2.11. This process is then reversed using the point-ahead assembly 
in order to send a transmission to another satellite. The underlying reason 
for the point-ahead assembly is that these satellites are not fixed in position 
and are moving at Orbiter speeds; therefore it is necessary to send the trans­
mission to a point where the satellite to receive the transmission will be at 
a given time in the future. In order to calculate this point, embedded orbit 
propagator data for the target spacecraft are used to calculate an angle in 
which to transmit the data. The initial phase required in order to establish
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Figure 2.11: Generic overview optical communication system block diagram 
implemented on the ISLFE, SILEX and OICETS systems [1].
a link involves finding the target satellite in an open loop format using a 
scanning technique and mainly the CPA system, termed the pointing phase. 
A number of techniques have been explored to achieve this but the simplest 
technique that has been demonstrated is the use of a beacon with a large 
divergence that is activated on the first terminal for the second terminal to 
see [5]. This beacon signal is swept across in a search pattern that generally
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looks like a spiral or square. The second terminal then uses this beacon to 
Lock-on and the two terminals have acquisition. The requirements for the 
pointing accuracy and divergence of the beam are only that it needs to illu­
minate the detector of the opposing terminal. A possible and efficient way of 
doing this is to use the communication laser with a form of defocusing that 
increases the divergence to an adequate size to achieve initial acquisition and 
tracking . Once the pointing phase has located the detector of the opposing 
terminal the two terminals have acquired each others signal then the tracking 
phase takes over. Now the two terminals are aligned together the tracking 
phase begins. During this phase, the objective is to keep a small spot size 
laser in the centre of the receiver unit. A number of ways exist to do this, 
such as using a quadrant detector, CCD, PIN or PSD. The CCD (Charge- 
Coupled-Device) approach tries to return the spot to the centre of the CCD 
area by finding and correcting for the X  and Y  positional errors. A number 
of techniques can be employed to improve the accuracy and speed at which 
the CCD corrects for the error in positioning. The advantage of a quadrant 
detector over a CCD for this type of application is the speed at which the 
signals can be processed and then corrected for. The CCD tends to have 
a slower read out result in a limited bandwidth than the quadrant sensors. 
However the accuracy with which the CCD can find the centre place is grea­
ter than that of the quadrant detector due to the Dark areas between each 
quadrant. A similar device to a CCD is a Position Sensing Device (PSD). 
This device gathers light in a similar way to a CCD, but using centroid al­
gorithms the position of the laser spot is given relative to the centre of the 
PSDs active area rather than as a pixel coordinate as in the case of a CCD. 
These technologies are covered in more detail in section three. The reason as 
stated earlier for the tracking stage is to maximise the power transfer on the 
receiver element. The receiver element of the system is generally found to 
be a PIN diode detector or an avalanche photo diode (APD) [37] [36]. The 
advantages of a PIN diode detector are that it has a very low dark noise, 
low excess noise, and a broad spectral response. However the gain achieved 
is very low in comparison to an APD. Due to the avalanche effect an APD 
generates a higher dark noise and excess noise but has a significantly higher 
gain effect due to the avalanche process; therefore when considering the re­
ceiver to be used it is a trade off between good noise performance and gain
[38].
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2.3 Satellite Vibrations and Jitter
An important aspect that needs to be considered when addressing the issues 
of pointing and optical communications is the vibrations tha t will act upon 
the terminal. Vibration sources that impact the satellite can generally be 
classified into two groups, internal sources and external sources [26]. Internal 
sources of vibration consist of thruster operations and manoeuvres, tracking 
noise, antenna pointing mechanisms and gimbals, and solar array drivers [25]. 
External sources of vibration can include thermal bending, solar radiation 
pressure gravitational fields and micrometeorite impacts [25]. All of these 
vibration sources will have an impact on the pointing accuracy and thus 
the optical communication link. Measurements of the internal sources of 
vibration have been undertaken by ESA on the OLYMPUS communication 
satellite (launched 1989, removed from orbit 1993) and are listed in [26].
By taking experimental data from the y-axis momentum wheel of the UK- 
DMC space craft it was found from spectral analysis of vibrations measured 
on board the satellite that the frequency of the vibrations was as low as 0.7 
Hz and had a maximum frequency of approximately 60 Hz [27]. An extract of 
this data is shown in Figure 2.12, where it can also be seen tha t the magnitude 
of spacecraft displacement can reach as much as 0.05 degrees/s in pitch rate. 
By taking the differential of this DMC data using the values labelled on 
Figure 2.12 and then converting it to radians it could be seen that a force of 
approximately 1.3 mN was acting on the spacecraft. Tests performed by the 
Japanese CRL to try  and ascertain the micro vibrations present on board 
the Engineering Test Satellite (ETS) VI showed that vibrations were present 
in the range of 0.6 Hz to 80 Hz [28]. Prom Figure 2.13 it can be seen that 
approximately 0.95 mN was acting on the spacecraft.
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Figure 2.12: Data taken from the y-axis of a reaction wheel of the DMC 
satellite [27].
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Figure 2.13: Vibrations measured using the ETS-VI Laser Communications 
Experiment terminal [28]
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2.4 Chapter Conclusions
The current technologies utilising magnetic levitation presented in this chap­
ter, demonstrate that the application to the pointing requirements of an 
Optical Communications Terminal (OCT) would be achievable. However as 
presented here, the actuation ranges tend to be very small, in the order of a 
couple of millimetres or degrees with a resolution in the order of nano-metres. 
The requirement for application to an OCT scenario would require this range 
to be increased.
The approach in this research provides a range of ±5° in azimuth and eleva­
tion by using magnetic levitation techniques to levitate the telescope optics, 
and compensate for pointing errors by the use of electromagnetic actuators. 
The ±5° range is the maximum that can be tested using the low cost sensors 
and bespoke engineering model. The target fine pointing accuracy of the 
terminal designed as part of this research is ±3 /^rad, in order to reduce the 
power losses at the receiver element due to pointing error. The non-contact 
nature of magnetic levitation and suspension also allows a larger vibration 
rejection bandwidth than the passive equivalent, which would allow for the 
rejection of a wider range of space craft disturbances that could lead to a 
degradation in signal to noise ratio if allowed to influence the pointing of the 
OCT.
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Chapter 3 
Applications of the P P M
This chapter considers a number of scenarios to which the development model 
of the PPM  could be applied. It begins by looking at satellite based opti­
cal communications scenarios, using the Satellite Tool Kit (STK) simulation 
software [77] to model the pointing requirements of an optical communica­
tions terminal. These scenarios demonstrate that the FOV of the engineering 
model could be implemented as the pointing mechanism in an optical link. 
For the scenarios in this chapter a number of requirements are derived that 
are used in the design of both the optics and actuation mechanism of the 
PPM. These are summarised in Table 3.1. A complete listing of design dri­
vers for the PPM engineering model can be found in Table 5.3  ^  ^The satellite
D esign  elem ent V alue
Link Distance {Z) 36500 km
Azimuth Range 280°
Elevation Range ±5°
Transmitter power^ 100 mW
Data Rate ^ 1 G bit/s
Table 3.1: Summary of design drivers for the PPM acting as an optical 
terminal.
platforms selected to demonstrate use of the PPM of this research is the Sur­
rey Satellite Technology Limited (SSTL) SSTL-100 and SSTL-150, which 
have been implemented in the form of the Disaster Monitoring Constellation 
(DMC) [78], and Orbital Science Corporations Star® Bus that forms part of 
the IntelSat constellation. These platforms have a higher power subsystem
 ^These parameters are also discussed in Chapter 4 
 ^These parameters are also discussed in Chapter 4
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of the order of 555 W for the Star® Bus [80]. This makes the platforms sui­
table for the higher power consumption of the current PPM  model, and are 
also representative of the GEO and Earth Observation (EO) platforms that 
could benefit from the implementation of an optical communications link. 
The power consumption of the latest version of the proof of concept PPM 
will need to be significantly reduced in order to applicable to any satellite 
system, however this is a design consideration for future work.
The chapter then discusses the use of the PPM as an actuation mechanism 
of a high gain antenna before moving on to discuss a terrestrial application 
in the form of a last mile solution to high speed optical fibre data communi­
cations networks.
3.1 The PPM  for an OCT
Optical Links between satellites can exist in many different applications ran­
ging from Telecommunications, to data relay satellites and even distance 
maintenance and communication in constellations of satellites. A survey by 
EADS Astrium found that the main application for optical links could be 
classified into three areas [7].
1. Space Global Networking (Intra-Orbit) Meaning fixed GEO-GEO long 
distance links. Mobile such as LEO/MEO constellations, and clus­
ters/V irtual satellites. This application could take advantage of the 
pseudo ranging idea that could be implemented using the same termi­
nal as that used for communication.
2 . Space Data Relaying (Inter-Orbit) Such as a GEO data relay for low 
orbit users to aid and improve communication capacity. High altitude 
aircraft and ground station applications. This would provide a higher 
data transfer rate with a possibility of real time control.
3. Deep Space Communications (Space Probes) Such as possible Voyager 
mission, or Gassini. This would allow communication to be maintained 
for longer ranges with a higher data rate than currently possible.
Using the PPM  as the actuation mechanism for optical terminals, it is en­
visaged that the field of view of the PPM  would require tha t the telescope 
assembly element be mounted on each spacecraft. If the SSTL-150 satellite 
platform is considered then the pointing of the satellite can be controlled to 
within 36 arcsec (approx 175 //rad) [79] and a PPM would be Pre-set (As 
shown in Figure 3.1) to point in the direction of the next spacecraft to allow
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communications with the target satellite. The SSTL-150 has the commu­
nications capability of 80Mbps (X-Band), meaning the PPM could increase 
the data link to IGbps [79]. As can be seen from Figure 3.1 the OCT is not
Figure 3.1: Pre-Set mounting configuration for current T1004PPM applied 
to an OCT. Elevation is controlled by the PPM and the Azimuth range is 
controlled by the slip ring on which the PPM is mounted.
aligned to the spacecraft axis it is aligned to point at the target spacecraft. 
This mounting should be configured so that it is aligned to compensate for 
the separation of the spacecraft at a pre-defined altitude. This means that 
the PPM is preloaded to eliminate the need for the spacecraft to alter its 
attitude to facilitate communications. This concept is illustrated in Figure 
3.2. A focus of the scenarios presented in this chapter is to validate that 
using this concept optical communications can be achieved and maintained 
for a useful period of time. It is understood that in order for the PPM to 
become attractive to other applications the field of view needs increasing, or 
provisions need to be made in order to allow communication with multiple 
satellites. A possible approach would be to have multiple PPM terminals 
around the spacecraft all hard mounted to point at there respective target 
terminals. This should be the focus of follow on work now that the concept 
has been demonstrated. Assuming an orbit with an eccentricity of 0.001 (near
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Pointing ran g e
Figure 3.2: Schematic showing the pointing principle of the PPM. It is hard 
mounted in the direction of the target space craft (as in Figure ??), with the 
PPM correcting for errors within its 10° field of view.
circular) an assumption for height variations between the two spacecraft is 
made at ±10 km. If the link distance is in the region of 1000 km then 8 % of 
the terminals azimuth and elevation range is used to compensate for altitude 
errors. Assuming that the typical attitude error is 1 °, the ±5° azimuth and 
elevation range of the terminal proposed in this research will be able to ade­
quately compensate for altitude and attitude errors of the two spacecraft. If 
the link distance reduces to 2 0 0  km then the pointing requirement for the 
terminal changes to 77% of the ±5° limit.
In this chapter a number of mission scenarios are considered using the 
PPM as the actuation mechanism of an OCT. The mission scenarios are 
constructed using STK in order to model access times and durations for a 
low divergence optical link using the PPM developed as part of this research.
3.1.1 P PM  for Inter-satellite Links
In order to facilitate the movement of data around the globe, a constella­
tion of satellites is used to bounce data from one surface ground station to 
another satellite and then back down. Examples of such systems are the 
Iridium constellation of communications satellites, and the NASA Tracking 
and Data Relay satellite Systems (TDRSS). TDRSS in particular is utili­
sed by NASA to communicate from one of their three main command and 
control ground stations at White Sands (WSGT) in New Mexico, Goddard
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(GRGT) in Greenbelt Maryland and Guam (STGT). The layout of this net­
work is illustrated in Figure 3.3 [83]. The TDRSS constellation allows NASA
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275° W 
Longitude
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41° W 
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GRGT V
WSGT
Figure 3.3: Image illustrating the TDRSS Network of satellites [83].
to have almost on demand communication with a wide range of its other 
spacecraft such as LANDSAT, the Hubble telescope and in the recent past 
space shuttles. This is accomplished using a C-Band phased array antenna 
that allows communication from five different satellites while transmitting to 
others simultaneously [84]. In 1994 the Japan Aerospace Exploration Agency 
(JAXA) launched the Experimental Test Satellite (ETS-6 ) that linked to the 
NASA TDRSS network. Over S-band, data rates of up to 1.5Mbps were 
demonstrated [85].
Considering a constellation scenario such as TDRSS, a version utilising 
the PPM as the actuation mechanism for an OCT is shown in Figure 3.4. 
This scenario considers placing satellites in a similar orbit to the Intelsat craft 
with PPM terminals mounted on a slip ring to provide a large azimuth range 
and at a pre-set elevation to allow the 10° FOV to facilitate communication. 
The satellites are part of the INTELSAT series (INTELSAT2, INTELSAT7, 
INTELSAT9) with the orbital parameters shown in Table 3.2, 3.3 and 3.4. 
The C-band antennae on the TDRSS are approximately 1 .2 m in diameter and 
have a data rate in the order of 10Mbps. The downlink channels however
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Figure 3.4: Graphical view of GSO orbit using 3 IntelSat satellites.
Orbit Param eter Value
Apogee 35799 km
Perigee 35774 km
Inclination 0 .8  deg
Period 1436.1 min
Table 3.2: INTELSAT 2 23175 parameters.
Orbit Param eter Value
Apogee 35803 km
Perigee 35770 km
Inclination 0  deg
Period 1436.1 min
Table 3.3: INTELSAT 7 25473 parameters.
Orbit Param eter Value
Apogee 35800 km
Perigee 35773 km
Inclination 0  deg
Period 1436.1 min
Table 3.4: INTELSAT 9 26451 parameters.
3.1. THE PPM  FOR A N  OCT  37
can reach data rates of up 300 Mbps and 800 Mbps over K u/K a band and 
S- band respectively. The bottle neck therefore in such a proposed system 
appears to be the link between satellites. This is not surprising as the size 
of antennae in an inter-satellite link is significantly smaller than satellite to 
ground. Considering the TDRSS inter-satellite links, the antenna is of the 
order of 1.2 m, as opposed to the ground link segment that utilises a 5 m 
spacecraft antenna transmitting to a ground segment comprising a dish of 
many hundreds of meters wide.
Considering replacing the 1.2 m antennae with an optical link between two 
of the satellites that are modified to use the T1004PPM as shown in Figure 
3.5, it illustrates an attractive possible application for the PPM in the form 
of data relay terminals in a GEO network. Due to the narrower divergence of 
the medium used in an optical link the access between two objects needs to be 
considered. With larger divergence RF communications systems the field of 
view is very large and can typically only be negated at the fringes where the 
power reduction at the received object is dominated by noise. In an optical 
link the terminal must point at the object to within a few degrees in order to 
maintain the link. In order to verify that the PPM would still grant any kind 
of access periods the plot of Figure 3.6 has been produced. The access shown
Figure 3.5: Graphical view of optical link between INTELSAT2 and INTEL- 
SAT9. The red line represents an optical link between the satellites. The 
green down-links take the form of conventional RF transceivers.
in Figure 3.6 is achieved by mounting the T1004 PPM onto the satellites on
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Figure 3.6: Access periods between INTELSAT2  and INTELSAT9 over a 1 
month period.
a slip ring and pre-set to an elevation of 6 6 ° with a pointing range of ±5° 
(an FOV of 10°). Although the access is not continuous, a single period 
has a duration of approximately 43,000 seconds (shown in Figure 3.6). If a 
data rate of IGbps is assumed for the OCT then this corresponds to a data 
transfer of 5041 G-bytes of data. A significant increase from the 57 G-bytes 
of data that would be transferred over an existing RF link. W ith this set-up 
the azimuth and elevations required to achieve the access shown in Figure 
3.6 are shown in Figure 3.7. This suggests the the Azimuth and Elevation 
ranges of the engineering model defined in Table 3.1 are adequate for use 
in a GSO to GSO optical link. The pointing requirements and accuracies 
required from such a pointing platform are discussed in Chapter 4.
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Figure 3.7: Required Azimuth, Elevation and range between INTELSAT2 
and INTELSAT9 over a 1 month period.
As the capabilities and functionality of satellite platforms increases as 
does the data that needs to be stored, processed or sent to the ground. A 
trend towards cooperative and virtual satellites is also emerging. This would 
see a number of smaller satellites working together to achieve the functio­
nality of a larger satellite. An example of this could be in a constellation 
of Synthetic Aperture Radar (SAR) satellites [81] as shown in Figure 3.8 
[82]. The European Space Agency, the Canadian Space Agency, Norway and 
Finland are working on such a mission to launch in 2014. Application of 
transferring data between these satellites is limited, but does however open 
the possibilities of a larger virtual SAR type application where transfer of 
data could be required between spacecraft [87]. In such an application, the 
data rate of the OCT proposed in the previous scenario due to the large 
quantities of data gathered in a SAR system, such a cluster of satellites can 
be seen graphically in Figure 3.9. In Figure 3.9 it could be envisaged that 
the data would be transferred back from the cluster of receive only micro­
satellites to the main SAR platform. This would then have a certain level of 
processing undertaken on board and then downlinked conventionally [87].
A similar LEO example can be modelled using the Iridium constellation 
(depicted in Figure 3.10), a network of 6 6  Low Earth Orbit (LEO) spacecraft, 
each satellite can communicate with up to four others simultaneously with a
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Figure 3.8: Graphic depicting a 3 satellite Synthetic Aperture Radar constel­
lation, courtesy of Canadian Space Agency [81].
Existing SAR Satellite 
Acting As Illuminatore.g. ENVISAT, ALOS, TerraSAR
Cluster Of Receive.Only 
Micro-Satellites
Figure 3.9: Graphic depicting a 
multiple Synthetic Aperture Ra­
dar constellation [87].
Figure 3.10: Image depicting the 
Iridium constellation of LEO satel­
lites [8 6 ].
data rate of up to 10 Mbps [8 6 ]. If the PPM again modelled as the actuation 
mechanism to facilitate the optical link then the scenario shown in Figure
3.11. This models the satellites in a similar configuration to the image of 
Figure 3.9. Using the PPM with an elevation of 10°, and azimuth of 
280° an optical link can be constantly maintained. The Azimuth, elevation 
and Range (AER) requirements from the terminal for this link are shown 
in Eigure 3.12. The graph of Figure 3.12 shows that the Azimuth range of 
280° and Elevation of ±5° defined in Table 3.1 would also provide the means 
for actuating an optical terminal between the LEO satellite shown in Figure
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K-DMC
Figure 3.11; Ground track showing a three LEO spacecraft layout modelled 
with inter-satellite optical links between.
3.11. Used in this way the PPM as the actuation mechanism for an optical 
communications terminal would increase the data link between satellites from 
10 Mbps [84], [8 6 ] to IGbps (defined for modelling of the OCT in Chapter
4)-
The link distances involved in the scenarios modelled in this chapter relate 
to the link budget of Table 4.1 that is defined in Chapter 4.2.7.
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Orbit Param e­
ter
S /C  1 S /C  2 S /C  3
Mean Motion 0.0611533
deg/sec
0.0611533
deg/sec
0.0611533
deg/sec
Eccentricity 0.0013677 0.0013677 0.0013677
Inclination 98.1206 deg 98.1206 deg 98.1206 deg
Argument of 
Perigee
60 deg 40 deg 50 deg
RAAN 196.433 deg 196.433 deg 196.433 deg
Mean Anomaly 297.69 deg 297.69 deg 297.69 deg
Table 3.5: SPG4 Orbital parameters for the three satellites in this scenario 
based on the UK-DMG2 satellite.
Satellite-UK-DMC 2 TFISensor-PPM 1-ToSateHite-UK-DMC 2 TF2: AER -12 Jan 2013 16:51:08
<  80
--2441  O
Wed 21 Thu 22 Fri 23 Sat 24 Sun 25 Mon 26 Tue27 Wed 28 Thu 29 Fri 30 Sal 31 Sun 1
Jan 2009 Time (UTCG)
Azimuth (deg) Elevation (deg) R an g e  (km)
Figure 3.12: AER requirements from the PPM between DMG2_TF1 and 
DMC2_TF2 during a single month period.
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3.2 Active Anti-Vibration for improved ima­
ging
As the performance of imaging systems improves, and the resolution in­
creases, naturally a more stable platform is required in order to produce 
images with minimum distortion. The effects of spacecraft systems such as 
attitude control elements (reaction wheels. Control Moment Gyros, thrus­
ters), can generate unwanted disturbances and vibrations that can reduce 
the quality of the image. This can be particularly important in Digital Ele­
vation Maps (DEM) or Digital Terrain Maps (DTM), where the effects of 
jitter can produce erroneous models. In the case of High resolution imaging, 
such as on the Mars Reconnaissance Orbiters (MRO) High Resolution Stereo 
Imaging Experiment (HiRISE), jitter effects from the spacecraft can be more 
serious and can distort the image by 3 pixels (corresponding to an image dis­
tortion of around a i m )  [30]. The effects of jitter are removed post-process 
using a combination of the real jittery pointing of the spacecraft, and an 
idealised smooth pointing. Work shown in [30] however indicated that in 
higher resolution images such as HiRISE the smooth pointing data used to 
remove the jitter is too coarsely quantised over several pixels, which is not of 
sufficient resolution to allow the jitter to be removed. The resultant image 
generated by this technique are repeated here 3.13 [30]. The effects of the 
un-modelled jitter on the image results in image artifacts of 1 m. These can 
be seen in Figure 3.13 as the ridges between each slide in the image.
P] If V'*' ' taC* <5* *
Figure 3.13: DEM produced by HiRISE using the jitter data and the smooth 
idealised pointing model [30].
In order to improve the image quality the effects of jitter should be re­
moved from the source rather than during post processing. Existing passive 
damping mechanisms such as Viscoelastic devices or Tuned Mass Dampers
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rely on extremely good system models and cannot typically account for jitter 
that is not part of this model, or within the range of the dampers [32]. This 
was the case in the HiRISE imager [31].
Terrestrially an active-anti vibration utilising the PPM  could be advan­
tageous to scanning electron microscopes, where typically the imaging equip­
ment is in proximity to rotary and turbo pumps. These vibrations are mini­
mised through the use of vibration suppressors but under closer examination 
the images can still be seen to be influenced by the pumps. The noise rejec­
tion bandwidth of this research can be tuned to isolate the imaging equipment 
from the noise caused by the pumps [33].
3.3 Chapter Conclusions
In this chapter a number of possible applications of the PPM  have been 
discussed. A number of mission scenarios using the PPM as the actuation 
mechanism for an OCT have been modelled in order to demonstrate the use­
fulness of the new technology developed in the form of the T1004PPM. In 
many of the mission applications it can be seen that the quantity of data 
transfer over the optical link would be comparable to existing traditional 
communications systems (Iridium example of 10Mbps vs the IGbps attai­
nable with the PPM), and in some instances would surpass an RF equiva­
lent. However it has also shown that in some cases these access times are not 
constant or on demand, and that under some scenarios only a small window 
exists in which to communicate with the satellite. From the scenarios dis­
cussed a number of design drivers were drawn (Table 3.1). It also aided in 
the production of the link budget for the optical element of the PPM  in the 
form of Table 4.1.
Other applications such as a platform for high resolution imaging systems 
has also been discussed to highlight the possible benefits of utilising the PPM 
as an active anti-vibration platform.
Chapter 4 
The P P M  Optical Bench
The PPM developed as part of this research consists of two major elements. 
The first is the platen that is electromagnetically levitated and actuated. 
In this case it is developed to form the telescope antenna of an Optical 
Communications Terminal (OCT) in the from shown in Figure 4.2. Unlike in 
conventional optical communications systems where the telescope element is 
fixed (Figure 4.1), in this research it is actuated in all 6  degrees of freedom to 
account for pointing errors that would otherwise degrade the communications 
channel. This has the advantage of combining the separate mechanisms that 
comprise conventional OCT’s into a single mechanism thus reducing the mas, 
complexity and cost of optical components. The foot physical footprint is 
also reduced. There are also no mechanical parts such as wave guide switches, 
or servo motors that would normally require the use of lubricants to function 
correctly. This chapter begins by looking at the design and simulation of
Figure 4.1: Generic overview
optical communication system 
block diagram implemented on 
the ISLFE, SILEX and OICETS 
systems [1].
Figure 4.2: Optical bench develo­
ped for application with the PPM 
of this research.
the optical antenna element of the OCT. It looks at sources of pointing error
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that may be introduced in the design, fabrication and assembly of the optical 
components.
4.1 Optical Analysis
The antenna of an optical system consists of a telescope providing a gain 
to overcome transmission losses and maximize the amount of optical power 
received from the transmitted source, and thus maximizing the signal to noise 
ratio and reducing the probability of a bit error rate. OCT applications 
use reflecting telescopes that utilise the property of paraboloidal mirrors 
to concentrate and magnify the optical signal. In traditional systems the 
telescope remains fixed while mirror assemblies are manipulated in order 
to provide the pointing, this research differs by manipulating the entire 
telescope assembly in order to fulfil the requirements of the separate mirror 
assemblies. The operation of the optical system within the PPM  is shown 
diagrammatically in Figure 4.3. Figure 4.4 is an image of the bespoke optics
() Y
Figure 4.3: Configuration of OCT using the PPM 
as the actuation method for the telescope assem­
bly. The optical axis of the telescope assembly is 
aligned with the Z  axis shown.
Figure 4.4:
Bespoke teles­
cope assembly 
developed for the 
PPM.
developed for use in the PPM system. It contains the elements shown within 
the dashed box of Figure 4.3 and is levitated by the magnetically levitated 
actuation mechanism of the PPM discussed in Chapter 5.
The type of telescope selected for use in the PPM engineering model 
will be a Cassegrain configuration. The main driving force for the selection 
of this type of telescope is the gain and speed achieved from a very small 
compact terminal (when compared to other types such as newtonian). A 
typical Cassegrain configuration consists of two mirrors (a primary parabolic.
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and a secondary mirror), where the primary has a central aperture drilled 
that allows the focused light to be reflected through it from the secondary 
mirror. Since the telescope discussed here will be used as an antenna for 
communications it is important that the focal length is sufficient to allow 
the image to be as bright as possible on the receiver element (resulting in 
maximum received optical power). The F-number of the telescope allows 
characterisation of the telescope by representing it as a number [39]. The 
F-number is defined as the ratio of the effective focal length of the telescope 
to the diameter of the entrance pupil [39]. It is important that the telescope 
be as bright as possible to allow the brightest image to be seen on the focal 
plane (in this case that would be the receiver). Also the optical speed of the 
telescope needs to be considered. A large F-number means that the telescope 
will have a slower response to a change in incoming light but would have a 
very fine image quality [39]. The lower the F-number the faster the response 
is to a change seen at the entrance pupil of the telescope however a small 
penalty is paid in terms of quality of image on the receiver.
4.1.1 Antenna T x /  R x gain
The theoretical gain of a Cassegrain transm itter telescope optics that is used 
in this research is given by Equation 4.1 [35].
2
Gt  (dB) = lOlogro ( ^ )  (4.1)
Where Dt  is the outer diameter of the primary mirror in the transmitter 
telescope, and A is the wavelength of the transmitted laser source. Since the 
receiver is also the same telescope as the transmitter they have approximately 
the same theoretical gains. However the receiver includes central obscuration 
caused by the secondary mirror. This gain can be described as Equation 4.2.
Gfi(dB) =  1 0 Z o 5 io (^ ^ )  (1 - 7 ") (4.2)
Where 7  is the central obscuration ratio between the primary and secondary 
mirrors and is given by Equation 4.3. It has the effect of reducing the amount 
of optical power that is focused on the receiver due to blocking part of the 
received signal. An image taken from a surface illustrates this effect through 
simulation as shown in Figure 4.33. It shows a central dark spot that is caused 
by the secondary mirror, and three straight dark spots that are caused by 
the three spider struts holding the secondary mirror.
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Figure 4.5: Effects of Obscuration on received optical image. This shows the 
dark spots caused by the secondary mirror and three spider configuration of 
support struts.
7 =
%
Dp (4.3)
The affects of the central obscuration ratio on the gain of the telescope is 
shown in Figure 4.6. This is plotted for three telescope ranges and shows the 
gain characteristics of the telescope that will be considered. The gains of the 
telescope { G t  and O r ) assume perfect optics with no losses, but in practice 
every time there is an air to glass boundary or vacuum to glass boundary 
losses will occur. Also the surface quality of the mirror and the absorption of 
the mirrors contribute to the total losses [39]. From Figure 4.6 it can be seen 
that as the obscuration ratio increases the gain of the telescope decreases due 
to more of the received signal being obscured from the primary mirror by the 
secondary mirror. In fabrication of the antenna a ratio of between 0.2 and 
0.5 was used, as these have minimum effects on the gain of the telescope.
Using the telescope gain Equations 4.1 and 4.2 the received optical power 
can be given by Equation 4.4. This equation does not take into account 
diffraction losses that also affect the received power. Also other losses due 
to optical elements that can affect the received power are the surface quality 
of the mirrors that are not accounted for in these equations. Since Lenses 
and Beam splitter optics are used in the receiver telescope these losses must 
be accounted for. Each vacuum to glass boundary (and vice versa) has the 
effect that approximately 5% of the signal is reflected and 95% of the signal 
is transmitted [39]. For the receiver optics of this research it is approximated 
that 40% of the optical energy will be lost due to these factors [40] [39].
HRx   N  Tiyif^ LQ (44J
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The effects of obscuration between primary and secondary mirrors on the gain of a Telescope
I
Obscuration ratio 'y  "
Figure 4.6: The effects of the obscuration ratio on the gain of the receiver 
telescope.
Where,
N i i n k  — 0 - 6  { P t x TIt V r L f s C t G r ) (4,5)
In Equation 4.5 the scalar value of 0.6 accounts for the losses due to diffrac­
tion, rjT and %  are the efficiency of the transmitter telescope and receiver 
telescope mirrors taken from design curves for mirrors [26], Ptx is the trans­
mitter power, Gt and Or are the gain of the transmitter and the receiver 
telescope respectively, and L rs  is the free space loss given by Equation 4.6.
L f s  —
A
FS
(4,6)
Where L fs is the instantaneous pointing error, given Equation 4.7, A is the 
wavelength of the transmitted medium and Z ^s  is the link distance.
(4.7)
As can be seen in Equation 4.7, maximum power will be seen on the receiver 
unit when the pointing error angle 6  is zero. This equation is for an assumed 
two dimensional case. Since it is assumed that the far field pattern will be 
symmetrical this equation can be applied for both axis [13]. Figure 4.7 shows
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the effect of pointing angle 9 on the received power. The PPM actuates the 
telescope assembly manipulates angles and p to correct for this pointing 
error.
The effects of 9 is plotted for a 3000 km optical link with a transmitter 
power of 100 mW. From Figure 4.7 it can be seen that 3 dB of power is
Received optical power as a ftjnction of pointing error angle
I
I
Figure 4.7: Optical power incident on the receiver (Watts) at 3000 km as a 
function of instantaneous pointing error (1 0 “  ^ radians).
lost when the pointing error angle is ±2.7 /rrad. As the pointing error angle 
increases the received power is then completely lost. This has the effect that 
the noise power in the receiver circuit is then dominant.
Therefore the pointing requirement from the PPM engineering model should 
be lower than ±3 /rrad in order to maximize the power seen on the receiver 
module of the terminal.
4.1.2 Signal to Noise Ratio of OCT
The receiver model used in this research assumes that direct detection OOK 
(On-Off-Keying) is used and is facilitated by the use of an Avalanche Photo 
Diode (to convert the optical signal to a current). It is also assumed that 
the dominant noise sources in the receiver circuit are due to APD noise 
contributions [41]. Under different circumstances the SNR equation can take 
different forms, for example when the shot noise is more dominant in the 
system then the other elements can be considered negligible. For the link
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considered in this research the equation presented is representative of an 
APD receiver module and takes into account the shot noise, surface leakage 
noise, dark current noise and Johnson noise. Shot noise is considered in this 
case to be caused by random poissonian fluctuations of the dark current, the 
dark current noise is generated by the APD without the presence of a signal 
and Johnson noise is caused by thermal effects on the APD [42] [51]. The 
mean-square Shot noise of the APD can be described as Equation 4.8
^ S h o t  ~  { R o e t P R x )  ^ A P d B  (4 -8 )
The means-square multiplied dark current is given as Equation 4.9
^Dark ~  ( ^ o )  M a p d B  ( 4 . 9 )
The surface leakage current is given in Equation 4.10
^teak ~  (4.10)
And the Johnson noise is given in Equation 4.11
2 4kTBF'j' fA ^-\\
^Johnson (  /
Where R d e t  is the responsivity of the detector, P r x  is the received optical 
power, M a p d  is the multiplication factor or gain of the APD, q is the electron 
constant, B  is the data bandwidth of the channel (which is the maximum bit 
rate, in this scenario a 1 G bit/s rate is assumed). Id  and is the dark current
of the APD and the surface leakage current of the APD respectively. The
constant k refers to the Boltzmann constant, T  is the system temperature 
in Kelvin and R l  and Ft  is the load of the amplifier circuit connected to 
the APD and the Noise figure of the APD respectively. The power received 
on the optical receiver is proportional to the mean square of the current in 
the APD. Therefore the signal received on the APD can be represented as 
Equation 4.12 [42] [51],
"^aPD ~  {PDetPRx^APo) (4.12)
This therefore leads to a signal to noise ratio in the form of Equation 4.13.
S N R ^ ,o  = , Î7 +^2-------  (4-13)
Shot ' Dark ^  Leak ' Johnson
By applying this equation to the received optical power the graph in Figure
4.8 was produced for a link distance of 3000 km and with respect to the
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Effects of Pointing error angle on the SNR of an OOK system with APD as receiver.
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Figure 4.8: SNR as a function of pointing error angle 0 (positive values of 
error angle only).
positive values of pointing error angle (0). By comparing the results obtained 
in Figure 4.8 to the results of [42] that simulate optical links versus existing 
RF X-Band links, it can be seen that they are slightly lower (15 db in Figure
4.8 versus 30 db for there optical link and 20 db for there RF link). Also 
by comparing the results obtained in Figure 4.8 to the results found in [52] 
it can be seen that the trend would make the results similar. The optical 
system modelled in [52] is only over a range of 200 km, and suggests that at 
longer distances would be similar to the SNR of Figure 4.8. From reference 
[53] the SNR at the receiver of the system is 20 dB which is only 5 dB higher 
than the SNR calculated as part of this research. However, the transm itter 
power used in [53] is 200 mW compared to the 100 mW used in this research. 
If the transm itter power used in the calculation of Figure 4.8 was increased 
to 200 mW then the results become similar. From Figure 4.8 the 3 dB point 
of this plot corresponds to a pointing error to 3.2 //rad which is similar to 
the 2.7 //rad that is illustrated in Figure 4.7. These results suggest that the 
pointing error of this research should not exceed ±3 //rad.
4.1.3 Probability of B it Error of an OCT
For a digital communication channel, the performance of the link can also 
be defined by the Probability of Bit Error rate (Pe) [43] [44] [45] [46].This 
can be thought of as the probability that the link counts a received signal
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bit as a one when it should be a zero (and vice versa). Consider the scenario 
shown in Figure 4.9 for a direct detection system (such as an OOK), the 
binary information signal can take only two possible levels, described by PO 
and P I.
Figure 4.9: Graphical depiction of a bit error scenario.
Considering the noise acting on the system to be a zero-mean process 
with RMS value sigma (relating to the sum of the noises in Section 4.1.2), 
superimposing the SNR would lead to the representation in Figure 4.9. Na­
turally one would require the system to have limited effects from the noise 
which would lead to small overlapping areas, and hence no ambiguity in the 
detection of the signal bit. To investigate this further, the shaded area in 
this figure is given by Equation 4.14.
Pel =
(Pg+Pi)
crv^ TT
e 2^2 dP-n (4.14)
where PO and P I  correspond to the power received when the bit is zero and 
one respectively. This power for the terminal to be developed in this research 
is determined by the background noise and quality of pointing. By changing 
variables so that;
[Pn — Pq)
Pel becomes:
X r =
P el =
(4.15)
(4.16)
-Pq)2\/27
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This is an incomplete integral and cannot be computed analytically. By 
changing it into a complimentary error function e r fc  can now be defined as
oo
er fc iZ s)  = M  e-^B dX e  (4.17)
Assuming an equally probable chance of misinterpreting the received signal 
and that the intensity for receiving a logic zero is 0 , the probability of bit 
error can be given by [48], [43].
Where Eh/N o  is defined as the energy of bit-to-noise density ratio taken from 
the the signal to noise ratio discussed in Section 4.1.2. When the peak signal 
power is used, and the RMS of the noise expected at a sampling instance is 
used Eb/N o  can be taken as the ratio of signal to noise given in Section 4.1.2 
[45].
By implementing Equation 4.18 to an example link scenario, the results 
for the probability of bit error rate were produced. It can be seen tha t as the 
pointing error angle increases the chance of wrongly interpreting the received 
signal increases. This is as expected as the received power incident on the 
receiver element of the OCT reduces as the pointing error angle increases, 
thus reducing the differential between what could be considered a 1 or 0 , and 
making noise a more dominant term. Here we note that for this plot, an 
instantaneous value for the peak was used.
From work undertaken in [49] and [132] the bit error rate typically requi­
red for space applications is 10“ .^ It can be seen from Figure 4.10 tha t the 
performance of the simplified scheme proposed as an example in this research 
is worse than the 1 0 “® developed in [49]. However Figure 4.10 is modelled 
over a larger link distance, with a lower transm itter power and a smaller 
receiver telescope. The system proposed in [50] achieves a BER of 10“® at a 
link distance of 1 0 0 0  km but uses a significantly bigger receiver terminal and 
higher transmitter power (in the order of 1 W). It is envisioned that an in­
crease in the transm itter power (from 100 mW to 200 mW) and introduction 
of a modulation scheme, such as a PPM M-ary scheme that does not require 
a local oscillator to be present would see an improvement in the BER of the 
system in [47] and [48]. The selection, implementation and advanced design 
is outside the scope of this research, but the Precise Pointing Mechanism de­
veloped is designed so that these are considered a module tha t can be added 
to the system depending upon application.
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Effects of Pointing error angle on the probability of bit error rate.
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Figure 4.10: Probability of Bit Error Rate against pointing error angle for 
the scenario given in Figure 4.8
Figure 4.10 shows the BER at a value of instantaneous value of pointing 
error. This means that if a constant pointing error of 3 /irad is present 
then the BER increases to 10“  ^ which is not generally an acceptable BER 
[48]. Since the instantaneous pointing error varies with time, the received 
signal and the bit error rate can also be considered functions of time. Based 
on Figures 4.10 and 4.7 the pointing error should not exceed 2.7 /irad, and 
therefore to achieve a minimum BER the pointing error should be kept within 
this 2.7 yurad [46].
4.2 Optical Bench
This section considers the simulation of the antenna element of the OCT and 
considers some sources of error that will effect the performance of it, which 
will impact the fine pointing resolution of the PPM. An F5 catadioptric 
cassegrain telescope has been developed as this offers a good compromise 
between image intensity at the focal plane and speed. A note to consider is 
that this telescope system will need to be used at least 15° off the sun-line 
in order to prevent damage to the receiver and optics. This requirement can 
be modified by developing different baffles. The 60 mm diameter parabolic 
mirror and telescope aperture gives a gain of approximately 106 dB generated 
by the telescope to offset some of the losses associated with free space optical
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communications.
The choice of laser wavelength (1060 nm in this case) is also important in 
order to minimize the interference from the sun or other radiation sources. 
The telescope assembly is tilted about 0 and p to correct for pointing errors, 
while the remaining four degrees of freedom remain fixed.
The following simulations were undertaken using the Zemax optical simula­
tion software package [8 8 ].
4.2.1 0° pointing error in Laser source
Figure 4.11 shows the ray trace for an engineering model with a zero degree 
pointing error in the incoming rays (generated with Zemax[8 8 ]). The laser 
source is modelled as a Laser Diode placed 150 mm away from the entrance 
to the telescope with a 30° divergence angle. This is representative of the 
intended Engineering model configuration and the divergence angle of the 
laser will be achieved through the use of a diffusing lens mounted at the exit 
of the laser source. In Figure 4.11 the incoming rays from the laser source
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Figure 4.11: Ray trace image of terminal with 0° pointing error [8 8 ].
are focused onto the center of the Tracking Sensor and APD (via the beam 
splitter hard mounted onto the stator element of the terminal). The radius 
of the focused laser signal spot is approximately 25 microns RMS seen on 
both the center of the Tracking Sensor and the APD. An image of the spot 
using relative intensity values can be seen in Figure 4.12.
Figures 4.12 and 4.13 show that the greatest intensity is present at the center 
of the spot, and radiates outwards. As the pointing error increases {6) the 
shape of the spot seen on the Tracking Sensor changes, increases in RMS
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Figure 4.12: Spot image on Tracking Sensor with 0° pointing error. The slide 
is enlarged to show an area that is 1 0  //meters square with a resolution of 
128 by 128 pixels.
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Figure 4.13: Relative intensity on a single axis of the Tracking Sensor with 
0 ° pointing error.
radius and introduces a small astigmatism as shown in Figure 4.16. The 
spot size on the Tracking Sensor with a 0 ° pointing error is approximately 2 
microns.
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Figure 4.14: Spot Size and position on the active area of the Tracking Sensor 
with 0 ° pointing error.
4.2.2 5° pointing error introduced into Laser source
The modelled laser source is now modelled with a 5° pointing error (the 
maximum error that can be compensated for by the tilting range of the 
terminal). This can be seen in Figure 4.15. As the rays propagate through 
the telescope they are focused onto the extreme edge of the Tracking Sensor 
and miss the APD completely. The radius of the laser spot now grows to 
an RMS value of approximately 128 microns with the astigmatism shown in 
Figure 4.16 and Figure 4.17. The location of the new laser spot with respect 
to the centre of the Tracking Sensor allows the telescope and attached mirror 
to be rotated by the fine pointing control loop in order to correct for the 
pointing error. The way the Tracking Sensor works, the centre value for Xg 
or Yg will lay between the RMS values of the two separate laser spot elements.
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Figure 4.15: Ray Trace of system with 5° pointing error introduced on the 
laser source.
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Figure 4.16: Spot image on Tracking Sensor with 5° pointing error on laser 
source. The slide is an expanded view of 0.5 mm square, 128 by 128 pixels.
Figure 4.18 shows that the telescope and the mirror attached to the base 
of the telescope has been rotated about the same axis as the error introduced 
in the laser source. The Beam Splitter, Tracking Sensor and APD are all fixed 
to the stator of the terminal and do not move. This rotation now results in 
the laser spot returning to the center of the Tracking Sensor and APD as
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Figure 4.17: Spot Diagram seen at edge of Tracking Sensor with 5° pointing 
error introduced on the laser source.
shown in Figure 4.18. The spot size and shape does now differ to Figure 4.12 
but remains approximately around 42 microns. This is down to an increased 
change in focal length due to the angle of rotation of the telescope in order 
to compensate for the pointing error shown in Figure 4.19. The intensity 
of the spot can be seen in Figure 4.21 and the distortion of the spot ican be 
clearly seen. The Tracking Sensor used has shown in experimentation that 
this group of small spots outputs a single value representative of the centre 
of this cluster. This was tested experimentally using a precision positioning 
stage with the telescope assembly mounted on it and the laser pointing 5° off 
the centre line and passing through the optics. The stage then allowed this 
angle to be finely adjusted and the output from the tracking sensor observed.
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Figure 4.18: Ray trace of optical bench showing the telescope tilted in order 
to correct for the pointing error introduced at the pupil entrance.
4.2.3 0.2 mm telescope translation error modelled.
The PPM optical terminal will compensate for translation errors introduced 
due to translation by tilting the terminal about the X or Y axis. Translation 
errors will generally be caused by the resolution of the sensors used as they 
only have a resolution of 2 fim at best. The effect of the 2 fim  resolution 
will be seen on the Tracking Sensor (since it can detect sub 0.1 fim). This 
resolution is not good enough to achieve the sub 3 //rad resolution needed for 
optical communications, therefore the Tracking Sensor sensor will be used to 
compensate for the error introduced due to the resolution of the eddy current 
sensors. The maximum travel range in translation of the telescope terminal 
is 0.2 mm and this is modelled in ZeMax in order to simulate the effects of 
rotating the telescope to compensate for these errors. With no translation 
errors introduced the spot image incident on the Tracking Sensor active area 
is shown in Figure 4.23, and has the RMS position on the Tracking Sensor 
shown in Figure 4.24.
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Figure 4.19; Spot Diagram seen on the center of the Tracking Sensor due to 
corrected telescope position. Radius of the Laser spot is now approximately 
42 microns.
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Figure 4.20: Spot Diagram seen on the center of the Tracking Sensor due to 
corrected telescope position. Radius of the Laser spot is now approximately 
48 microns (Largely due to the change in focal length due to tilting).
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Figure 4.21: Intensity plot of incident energy on a single axis of the Tracking 
Sensor active Area. The two peaks correspond to the left and right most 
spot shown in Figure 4.20.
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Figure 4.22: Ray Trace simulation of optical system with no translation 
errors.
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Figure 4.23: Spot intensity image on Tracking Sensor active area with no 
translation errors. Slide is an enlarged view of 1 0  //meters square, 128 by 
128 pixels.
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Figure 4.24: Spot position on Tracking Sensor active area with no translation 
errors.
Once a translation error is simulated in the telescope optics only, the spot 
image is seen to begin to distort slightly, and the magnitude of the translation 
error is reflected on the spot position seen on the Tracking Sensor. The image 
of the laser spot can be seen in Figure 4.25.
The displacement of 0.2 mm can also be seen reflected in the RMS spot 
position on the Tracking Sensor. This is shown in Figure 4.26. Due to the 
distortion of the spot image due to the translation the RMS displacement on 
the Tracking Sensor is not quite the 0.2 mm (0.169 mm) but can still allow the 
telescope to be tilted in 0 or p to compensate for this translation. By rotating 
the telescope optics to correct the error displacement shown on the Tracking 
Sensor the error introduced due to the translation can be compensated for 
as shown in Figure 4.27. The spot image seen on the Tracking Sensor active 
area due to the tilting also now returns to a more symmetrical shape as 
shown in Figure 4.28.
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Figure 4.25: Spot image on Tracking Sensor active area due to 0 . 2  mm 
translation error introduced into the telescope optics. Slide image is enlarged 
to 1 0  //meters at 128 by 128 pixels.
4.2.4 2 R ui translation error along the optical axis (Z) 
m odelled.
A translation error of 2  //m (due to the resolution of the eddy current probes) 
on the telescope optics along the optical axis was modelled. Results from 
simulation could not display a change in spot size as the change is less than
0.001 micron. The error was then increased to 2  mm and a change of spot size 
was recorded of 0.07 microns. This did not cause any change in the relative 
position along the X  and V  axis of the Tracking Sensor. Next the 2 jum error 
was introduced while the terminal was tilted to compensate for a pointing 
error. This again produced no change that the software could model so the 
error was again increased to 2 mm translation displacement. This produced 
a change of 0.071 microns and an error on the Tracking Sensor of 1 micron. 
This would result in a pointing error of greater than 3 //rad. Therefore the 
maximum error that can be allowed in translation along the Z  axis is 0.2 
mm. This is easily within the resolution of the eddy current probes and the 
Tracking Sensor unit.
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Figure 4.26: Spot position on Tracking Sensor active area due to 0.2 mm 
translation error introduced into the telescope optics. The position of the 
spot is calculated as 0.169 mm. Reduction in this spot size will result in a 
more accurate position.
4.2.5 Optical im plem entation considerations - Mirrors 
replaced with Lenses.
Due to the high cost for the manufacture of the primary mirror used in the 
simulations in the previous sections another solution is being considered to 
replace the mirrors in the telescope assembly. The purpose of the mirrors is 
to provide a high gain that will reduce the effects of free space losses during 
communication over the large distances in space, and to focus a widely diver­
ged laser source to a small spot on the APD and Tracking Sensor. However 
on earth testing will take place of a simulated link range of 150 mm thus 
negating the need for the gains provided by the mirrors. Therefore the Using 
a combination of lenses to focus the incoming optical signal onto the APD 
and Tracking Sensor a similar result can be achieved for a lower cost. This 
approach has been simulated using ray trace software (Figure 4.29) and the 
focused spot image can be seen in Figure 4.30.
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Figure 4.27: Spot position on Tracking Sensor active area after rotating the 
telescope optics to compensate for the 0 . 2  mm translation. The spot position 
is now back to 0  mm.
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Figure 4.28: Spot image on Tracking Sensor active area after rotating the 
telescope optics to compensate for the 0.2 mm translation. The slide is 
enlarged to 1 0  //meters square, 128 by 128 pixels.
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Figure 4.29: Ray trace of optical bench using COTS Lenses produced by 
Melles Griot CVI.
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Figure 4.30: Focused spot using COTS Lenses produced by CVI. Spot size 
is approximately 530 //meters RMS radius. The Slide is enlarged to 2  mm 
square, 128 by 128 pixels.
The spot size is significantly larger than is achieved with the use of mir­
rors. The spot size can be reduced by designing the lens mounts in such a 
way as to allow the position to be adjusted. However this could potentially 
increase the cost in materials and labour to that of the mirrored solution 
presented earlier, thus reducing the benefits of using lenses in the enginee­
ring model. Also the added complexity of having to hold the lenses firmly 
in position, yet adjustable and without obstructing the surface would be a 
significant engineering challenge within the spatial envelope of the telescope 
assembly. The increase in mass would also change the dynamics of the ter­
minal that would require an increase in force production from the actuators. 
This in turn would increase the power consumption, or the physical size of 
the actuators, having the knock on effect that the air gap would need to 
increase in order to allow for the full range of movement.
An observation through these simulations determined that he position of 
the receiver APD and Tracking Sensor should be adjustable in order to get 
the best possible results out of the Engineering model. In order to implement 
the telescope antenna in the engineering model the decision was taken to use 
the catadioptric system designed and simulated in ZeMax as this gives si­
gnificantly better results for spot size on the tracking sensor than the COTS 
lenses available in Tele_R107V3_EngModel. ZMX (2 //m versus 330 //m). Also 
using the system of Tele_R108 the spot size can be tuned with far more ef­
fect and accuracy over the lens equivalent. This is because a change of 1 mm
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in distance between primary and secondary mirror results in approximately 
80 //meters change in spot size seen on the Tracking Sensor. In order to 
make the same change in spot size using the COTS lenses system of design 
Tele_R107V3 the lenses need repositioning by 13 mm causing the telescope 
length to increase dramatically. The need for adjustment of the optical sys­
tem is considered essential as imperfections in the manufacture will need to 
be compensated for in the engineering model.
The Laser source has a defocusing lens attached to the exit pupil to give 
the divergence angle of 30° and is suspended 150 mm above the telescope of 
the Precise Pointing Mechanism. The ray trace of the engineering models 
optical system can be seen in Figure 4.31, showing a zero degree offset in 
pointing error.
This Engineering model uses the catadioptric T108 series of optical simu­
lation given in filename: Tele_R108_EngModel. ZMX where the ray trace using 
the fiat secondary COTS mirror is shown in Figure 4.31, and the focused spot 
of 2 //m to 47 jLim is shown in Figure4.32.
Figure 4.31: Final catadioptric cassegrain configuration Telescope (design 
T108) ray trace. This using a custom made Primary mirror with a COTS se­
condary silvered fiat mirror and a COTS lens to collimate and focus incoming 
rays onto the primary mirror.
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Figure 4.32: Spot image as seen on the Tracking Sensor of T108 simulations 
due to maximum tolerance errors modelled. This RMS spot radius can de­
viate by 37 microns due to the A/10 surface flatness. The slide is an enlarged 
view of 1 0  //meters square, 128 by 128 pixels.
4.2.6 Primary Mirror finish analysis.
The required tolerance on the Primary mirror is 0.1 mm resulting in a change 
in spot size of up to 45 microns on the Tracking Sensor. A surface finish 
of A/10 would result in an accuracy of <65 nm as seen on the Tracking 
Sensor. Therefore the total positional error seen on the Tracking Sensor due 
to tolerances on the primary mirror are 45.0635 microns. The spot image 
seen on the Tracking Sensor with the worst case mirror tolerances modelled 
is shown in Figure 4.33. The worse case total pointing error due to tolerance 
of the primary ROC, surface quality of Primary, secondary and the pointing 
mirror is 380.549 //radians. The error due to tolerance of the ROC of optical 
components can be considered constant and could be calibrated out during 
the commissioning phase of the experiment, as can some of the error in 
the distances of the optical bench with regards to the focal length (through 
adjustment of the position of the beam splitter. Tracking Sensor, APD and 
mirrors). This leaves a worse case error angle due to the surface finishes of 
the three mirrors of 0.8055 //radians. This is within the targeted 3 //radians 
pointing accuracy.
Schematics of the optical bench presented here and implemented on the 
PPM engineering model can be found in the Appendix.
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Figure 4.33: Spot image as seen on the Tracking Sensor of T 108 simulations. 
This RMS spot radius is now distorted by 45 microns due to the surface finish 
and ROC tolerance of the primary mirrors. The slide is enlarged to show 5 
//meters squared at 128 by 128 pixels. The three support struts holding the 
secondary mirror can just be made out, along with the central obscuration 
of the secondary mirror.
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4.2.7 Link Budget for OCT elem ent of the P P M
This chapter has looked at the modelling and requirements of an optical link. 
As a result of this a link budget can be derived that allows the platen of the 
PPM to be designed as a representative example of an OCT. The link budget 
is described in Table 4.1 and builds upon the optical modelling, design work 
and simulation undertaken in this chapter. 1 2 3 4
P a ra m e te r V alue
Wavelength 1060 nm
Modulation Scheme OOK
Transmitter Power 100 mWatts
Transmitter Antenna Beamwidth ^ 21.56 m
Transmitter Antenna Gain 106.918 dB
Transmitter Antenna Diameter 60 mm
Link Distance ^ 3000 km
Free Space Loss 106 dB
Receiver Antenna Gain 106.740 dB
Receiver Antenna Diameter ^ 60 mm
Receiver Antenna Central Obscuration ratio 0.3
Data Rate 1 Gbps
Efe/No 33.85 dB
Bit Error Rate 1 0 “®
Allowable Pointing Error Angle x ±3//rad
Table 4.1; Link Budget for the example OCT developed as the levitated 
platform of the Precise Pointing Mechanism.
 ^These parameters are used in the modelling of the optical links in Chapter 3. The 
divergence angle of the beam is given by the Rayleigh Diffraction pattern due to the optics.
2This parameter is the maximum link distance between LEO satellites as modelled in 
Chapter 3.
^The receiver component in the link budget is assumed to be the same as the trans­
mitter, therefore the obscuration ratio represents the effect of this on the received energy.
^The maximum allowable pointing error is taken as a function of when the received 
power drops to below the 3dB level, this impacts the SNR and BER of the system resulting 
in degradation of the channel. Resolution of controllers are presented in Table 5.3.
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4.3 Chapter Conclusions
This chapter has considered a number of aspects that have an effect on the 
design of the engineering model required to evaluate the PPM. The optical 
element of the PPM, termed the telescope assembly consists of an F5 Cas- 
segrain configuration with a gain of 106 dB to offset the effects of free space 
loss over the link distance. The Signal to Noise Ratio is also considered in 
order to put the effects of pointing into context. The model for the receiver 
element is an APD, and contributions to the noise have been assumed for an 
available Thorlabs device.
The effects of pointing error on the received optical power and hence the 
SNR and BER has also been discussed and shown in simulation in Figure 
4.7. These have suggested that the control system of the PPM must be 
within d=3/irad.
The optical bench has also been designed and modelled in the Zemax package 
and presented in this chapter. Since the purpose of the optical bench in the 
engineering model is to emulate the focus of the diverged laser source and 
allow for fine tracking two options were considered. A mirror based telescope 
that would provide adequate gain was modelled along with a lower cost lens 
based solution which would have a lower gain requirement.
This optical bench model was then used to simulate the effects of pointing 
errors on the position of the laser spot on both the tracking sensor and 
receiver module. This was used to aid in the selection of the sensors and 
configuration of actuators. This also demonstrated the operating principle 
of the PPM, where (j) and p are used to correct for errors in all 6  degrees of 
freedom.
Finally the effects of surface finish on the mirror surfaces are considered. This 
led to the derivation of requirements for not only the curvature of the primary 
mirror but also the limitations on surface finish that must be achieved. 
From the work undertaken in this chapter a bespoke optical bench was de­
veloped for application in the engineering model of the PPM. The design 
schematics and engineering drawings can be found in the Appendix.
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Chapter 5 
The P P M  M agnetic system
This chapter presents the Magnetic elements of the PPM system that form 
the actuators of the telescope assembly.
It begins by reviewing some of the types of actuation system that could 
be implemented on the PPM  before looking in more detail at the reluctance 
force type of actuator that will be implemented on the PPM. It also looks 
at the permanent magnets that will be used to levitate and offset the effects 
of gravity in the engineering model that will be produced for Earth testing 
and evaluation purposes. The chapter goes on to discuss sources of error 
that could contribute to the error in pointing on the PPM, before looking at 
different types of sensor technology that could be implemented for both the 
coarse and fine control loops. Finally it finishes with a look at the interaction 
of the PPM with the E arth’s magnetic field.
5.1 Actuator Force Types
Magnetic levitation/ suspension and actuation can be implemented in a num­
ber of ways. These are summarised in the following points, and the attributes 
of each are discussed.
1. L o re n tz  Forces  - The most straightforward implementation of a 
Lorentz force is a current carrying wire. As the current runs along the 
wire a magnetic field is induced around that wire, B, perpendicular to 
the wire. This exerts a perpendicular force that is proportional to the 
velocity of a moving charge which in this case is created by the flow 
of current [91]. This relationship between the magnetic field produced, 
(B) and the force (iTor) created by the charge {q) moving through the 
conductor can be described as Equation 5.1 [91].
=  g' (u X B) (5.1)
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Where q is the charge, v is the velocity of the charge and B  is the 
magnitude of the magnetic field through which the charge is moving 
[91]. If an electric and magnetic field exist then the total force acting 
on the wire can be given by Equation 5.2, where the electric field is 
represented by E.
F l o t  =  g [E +  ( u  X B)] (5.2)
In this type of actuator the force is approximately proportional to the 
current applied to the conductor, and the force generated can be bi­
directional depending upon the polarity of the current source [54]. This 
type of implementation is common in DC motors where a stationary 
magnetic field is provided using permanent magnets. Lorentz force 
actuation has been applied to a Magic Wrist which uses a number of 
actuators in conjunction with permanent magnets to provide actuation 
over 6 -DOF [55]
Accuracies in the micro-meter or nano-meter range are achievable which 
would allow for optical communications to be successful, and vibration 
isolation is achievable using this type of technology. However added 
complexity in the drive electronics, power supply and control system 
would be required to allow the magnitude of the current in the coils 
to be driven both positive and negative. This is achievable, however 
when compared with other types of actuation mechanisms (such as the 
Reluctance force) it was decided that this was an unnecessary compli­
cation.
2. T uned  L C R  C ircu it - This is a simple form of magnetic suspension 
that utilises the force generated by a coil with inductance L. The ca­
pacitance C, and resistance R  are then selected so that as the levitated 
platform moves away from the coil the inductance L  reduces causing 
the circuit to become more resonant, thus increasing the force produ­
ced by the coil. This has the effect of restoring the platform to the 
desired position [56]. They are typically found in linear applications 
where force and displacement are only required in a single direction. 
This type of implementation seams impractical for the PPM  as it would 
require increased complexity of implementation in order to achieve 
multi-DOF actuation.
3. R e lu c ta n ce  Forces - These are the most common technique used 
in active magnetic bearings, and are used to levitate and suspend ex­
tremely heavy objects such as trains [57]. Theses types of actuators 
consist of a number of turns of current carrying wire wrapped around 
a ferrous core. The reluctance forces generated are easily controlled by
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varying the current in the coil. The shape of the target ferrous body 
can add some useful properties to the actuator. If a teethed shaped 
body is used then a secondary restoring force can be generated as well 
as an attractive force [57].
The achievable resolution and ease of control implementation would 
make this type very attractive for this scenario. A disadvantage of this 
type however is that it is generally used on small air gaps and the force 
generated can only act in one direction (attractive).
4. S u p erco n d u c tiv ity  - Commonly known as the Meissner-Ochsenfeld 
effect, this is a remarkable property of superconducting materials, that 
will allow it to float above a permanent magnet. Superconductivity 
can be currently split into two types, high temperature (HTS, Critical 
Temperature, Tc, higher than 77K, but still cryogenic) and low tempe­
rature (LTS, Critical Temperature, Tc, lower than 77K) superconduc­
tivity. Recent developments in HTS materials have sparked interest in 
this property for a variety of magnetic levitation applications such as 
a magnetic aircraft launching mechanism [89], and efficient HTS linear 
motors [90]. Applying this type of levitation to the PPM using LTS 
materials would be difficult, and expensive to achieve as it requires 
cooling with more powerful cryogenics (such as liquid Helium), which 
requires specialised vacuum transfer lines and pressure maintained wi­
thin the Liquid Helium tanks. HTS materials can become supercon­
ducting at higher temperatures (around 77K) which can be achieved 
using cryogenics such as Liquid Nitrogen which is cheaper and easier to 
implement (as non vacuum transfer lines etc are used). However this 
temperature must be maintained with reasonable accuracy (approxi­
mately 10 to 15K) in order to maintain levitation, which would be 
difficult to achieve in laboratory based experimentation, both in terms 
of cost and logisics and is not something that can be entertained under 
the constraints of this research.
5. E d d y  C u rre n ts  - Levitation in this case is achieved when eddy cur­
rents are induced in a conducting wires. This state can be achieved in 
two ways. Firstly a fast relative motion between two parts of a ma­
gnetic circuit (the rotor and stator of a motor for example) will cause 
the generation of currents that oppose the change in flux of the source 
that created them [91]. These swirls of current a commonly termed 
Eddy Currents (due to the similarity between the way eddies are crea­
ted in moving water). They can also be created through alternating 
the magnetic field, thus creating eddy currents in a similar way to the
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first case. This in turn generates a force that can attract or repel, 
and is controllable through the alternation of the magnetic field [91]. 
These type of forces have been applied to the magnetic levitation of 
trains and other machines [92], in some cases with the implementation 
of superconductivity [94] [93]. They are also considered as the damping 
mechanism for vibration reduction in structures, where the magnetic 
field experienced by a conductive material when placed in a time va­
rying magnetic field is used to cancel out displacement disturbances 
caused by vibrations acting on the structure generating the time va­
rying field [95], [96]. The use of eddy currents as a means for levitation 
and actuation in the PPM is attractive as control can be achieved over 
the direction of force produced, allowing the subsequent position of the 
OCT to be controlled. The phenomenon of Eddy Currents has also 
been shown to be of benefit with regards to reducing the effects of vi­
bration. However they have also been shown to be quite cumbersome 
to implement and can significantly modify the dynamic response of the 
system, which would require significant additional work to model both 
the PPM dynamics and the Eddy Current damping circuit [97]. This 
type of force generation can also in some instances generate a lot of 
heat, which is not a desirable attribute and would need managing. In 
order to reduce the heat generated it is possible to implement using su­
perconducting material, but these present their own challenges which 
have already been discussed.
6 . P erm an en t M agnets (P M ’s) - These materials, produced from 
rare earth materials, can exert and attractive force against ferrous ma­
terials or other permanent magnetics of opposite polarity, or can repel 
permanent magnets of the same polarity. In the case of suspension 
(where attractive forces would be used) or levitation (where repulsive 
forces would be used) a stable system cannot be achieved [100]. In or­
der to achieve a stable system an active element needs to be introduced. 
These Hybrid systems use permanent magnets to levitate or suspend 
a number of degrees of freedom while actively controlling the remai­
ning degrees (example implementations can be found in [17] [98] [99], 
to name but a few). The use of permanent magnets can be considered 
for use in a number of ways. Firstly they could be used to provide a 
bias force to reduce the force that would need to be generated by an 
actuator. Secondly if control over the direction of the magnetic field 
was possible they could be used in either an attractive or repulsive 
configuration against an actuator. Finally they could be used in a re­
pulsive configuration to levitate the antenna of the PPM. In this last
5.1. ACTUATOR FORCE TYPES 8 1
configuration it would allow testing of the PPM to be carried out on 
earth without altering the configuration and of the actuators. The use 
of PM ’s in space does not have much heritage, they have been part 
of the detector for AMSOl [101], and implemented on the PAMELA 
experiment [1 0 2 ] and are commonly found in motors, or active/ hybrid 
bearings [103]. Another problem concerns interaction with the Earth’s 
magnetic field and this has been considered in [1 0 1 ] due to powerful 
permanent magnets used. Shielding and magnetic field management 
solutions can be used to minimize these effects (such as Mu Metals) 
[104] [105], and keeping the PM sizes as small as possible would reduce 
these effects.
The PPM of this research will use a combination of reluctance force actua­
tors and permanent magnets in order to provide levitation and actuation 
over 6 -DOF. This is achieved using two systems comprising reluctance force 
electromagnets.
R eluctance Force Actuators
When considering the design of the electromagnets a trade off between force 
generated for a given current and the physical size of the actuator needs to 
be made. Figure 5.1 shows a graphical depiction of the actuators to be used 
from which the force produced by the actuators can be derived.
Pole Face, A
■m— Air Gap
_ Magnetic 
Flux lines
Coil, N
Stator
Core Material, fi
Figure 5.1: Graphical representa­
tion of the electromagnetic circuit 
used in this research.
Figure 5.2: 2-Dimensional repre­
sentation of the flux path through 
the rotor and stator.
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5.1.1 Force Produced by Reluctance Force A ctuators
The force produced by the actuators is generated by current flowing through 
the coils. This generates an energy in the Air Gap, the space between the 
rotor and the stator parts (taking their name from traditional motor theory). 
In order to simplify the numerical model for the force generated by the confi­
guration of Figure 5.1 a number of assumptions have to be made.
1. M agnetic Field distribution  - The magnetic field is evenly and 
uniformly distributed in the air gap. This is not unreasonable for ho­
mogeneous materials with a uniform pole face.
2. Stray Flux - It is assumed that the majority of the magnetic flux 
present in the air gap flows through the cores, and only a small pro­
portion of this strays. For smaller air gaps this holds true, however as 
the air gap increases more of the flux will be lost thus decreasing the 
density of the magnetic flux.
3. E ddy-C urrents - It is assumed that no eddy currents of significance 
are generated in any part of the rotor or stator cores. If a laminated 
material is used then this assumption is reasonable.
From Figure 5.1 the energy in the air gap can be given by Equation 5.3 [91].
kkair ~  Rair ' (5.3)
where W a i r  is the energy in the air gap, B a i r  is the magnetic field density 
given in the air gap. Hair is the magnetic field strength in the air gap, is 
the surface area of a single pole face and is the distance between the rotor 
and the stator that will now be referred to as the air gap. The magnetic field 
density can be given as Equation 5.4 [91]
Bair ~  To ' Tv,air ' Hair (3.4)
Equation 5.3 can be changed into the form
^  • & (5.5)
T o  ' T r ,a ir
The reluctance force, fn  generated by the configuration of Figure 5.1 is cal­
culated using the energy in the air gap and the distance between the rotor 
and stator cores (Equation 5.6) [57].
/„  =  ^  (5.6)
T o  * T r ,a ir
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The term Bair can be rewritten in terms of the magnetic flux (0) flowing in 
the air gap [57] .
$ 2
f n  =  —  T -  (5.7)
T o  ’ T r,a ir  ’
where
B a ir  =  -Y~ (3-8)
■^ n
Under assumption 2 it is assumed that all of the flux that flows in the rotor
and stator elements also flows in the air gap. Therefore the magnetic flux 0
can be given as
^  — Bcore ’ -^n ~  Bair ’ -^n (3.9)
where, similarly to B a ir
Bcore — To ’ Tr,core ‘ Bcore (5.10)
The magnetic field strengths is then given as
Hcore =  --------   J -  (3.11)
T o ’ Tr,core ' -^n
Hair =  1-  (5.12)
T o ’ T r,a ir  ' -^n
Taking the line integral along the magnetic path from rotor to stator in the 
magnetic circuit shown in Figure 5.1 yields
N O n  = j ) H ^ d l  (5.13)
where I is the length of the flux path. This gives
N  - ifi =  H air ’ 2^ 71 T  Hcore ‘ Icore (5.14)
Substituting Equations 5.11 and 5.12 into Equation 5.15 gives us
JV ■ ^ (5.15)
T o  ’ T r,a ir  ' -^n T o  ’ Tr,core ' -^n
Solving for 0  gives [57].
0    ^  ' in  ’ -^n ' T o  ' Tr,core ' T r,a ir
Icore ‘ T r,a ir  T  2^^^ • Tr,core
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Substituting Equation 5.16 back into Equation 5.7 gives
f n  =
(Æ;)
I 2 Ç n  I I c o re  
y  t^ r ,a i r  t^ r ,c o r e
(5.17)
Equation 5.17 can be further simplified if the reasonable assumption that 
the relative permeability of the rotor and stator cores {Tr,core) is significantly 
greater than fir,air- This gives the reluctance force (fn) of each electro­
magnet as Equation 5.18 [57].
f n  =
_ ( i l
V 4 j (a (5.18)
where in is the current in the coil and ^n is the air gap between the 
rotor and core parts (the rotor being attached to the telescope ring), fiQ is 
the permeability of free-space, N  is the number of turns of conductor on 
the electromagnets core and An is the area of a single actuator pole face. 
The force generated by the electromagnets is a reluctance force which is 
always attractive, therefore the minus sign in Equation 5.18 represents this 
attraction. When considering the physical design of the cores around which 
the conductor is wound, the shape of the rotor element can be fabricated in 
two ways. If a purely attractive force is required then a flat rotor shape is 
used (as shown in Figure 5.1 ). Three types of actuator configuration were 
considered and are shown diagrammatically in Figure 5.3.
Each of the configurations shown in Figure 5.3 has a different at-
Rotoi
Rotor Rotor
Stator Stator Stator
C to C Actuator C to Flat Actuator C to Continuous Actuator
Figure 5.3: Three main actuator configurations considered in this research, 
tribute that was considered before a choice of actuator was made. The ” C”
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shaped rotor element was considered most beneficial as this adds a component 
of force that will tend to align the two cores (the rotor and the stator) in 
the event that they become misaligned [57]. If the actuators are configured 
in this way then the system gains the benefit that once power is applied to 
the coils, the actuators will align themselves to their natural position. This 
restoring force can be represented as Equation 5.19 [57].
fre s t  —  To w (5.19)
Where f^est is the magnitude of the restoring force, and Xn is the offset of 
the pole edges as shown in Figure 5.4. In order to determine the magnitudes
Air Gap
M '
Figure 5.4: Graphical representa­
tion showing the restoring force 
when a G-shaped rotor is used.
Figure 5.5: 2-Dimensional repre­
sentation of the flux path through 
the rotor and stator with an offset 
Xn introduced.
and ranges of forces that are required from each actuator, the stiffness of 
the terminal needs to be considered. This determines the magnitude of dis­
turbances incident upon the telescope element that the actuator system can 
reject. Possible sources of these are considered in section 2.3.
The stiffness of the system can be defined using elasticity theory as the 
ratio between stress and strain (force per area to displacement) [109]. For the 
actuators used in the engineering model this can be described by Equations 
5.20 and 5.21.
/? — -^^ 71
Fstiff -  -
ToN'^^n
(5.20)
(5.21)
The magnitude of the attractive force produced by the electromagnet over 
the range of air gaps that will be seen during operation, together with the
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stiffness achievable are the main driving forces for the design and sizing of 
the actuators. The main parameters of the actuators can be found in Table 
5.3 and in the engineering drawings of Appendix A.
In order to develop the actuation system the Maxwell 3D [116] Finite 
Element Analysis (FFA) simulation package was used to model the forces 
produced by the actuators. In order to validate the usefulness of the soft­
ware and equations presented in this Chapter a number of simulations were 
undertaken to compare the results. These simulations assumed a fixed rotor 
and stator element with an air gap of 3.5 mm. The current in the coil was 
then increased and the reluctance force was recorded and then compared to 
calculation. This is presented in Table 5.1. A Hall probe based on the Allegro 
A3102 Hall effect probe was also used to verify the magnetic field strength 
simulated in Maxwell. A good level of agreement was found between the two 
with only a 15% discrepancy. The experimental setup consisted of the teles­
cope assembly being fixed in its reference place with plastic stoppers. This 
provided an average air gap of approximately 3.5 mm between the pointing 
actuators and the rotor cores. The probe was then attached to the pole face 
of one of the actuators and the current in the coils was increased over the 
range shown in Table 5.1. The expected forces that are acting upon the 
platen of the PPM  are between 0.0029 N and 10 N. The permanent magnets 
have been sized to offset the effects of gravity and provide a resistance of 
0.001 N in the home position for the actuators of the PPM  to pull against.
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Current Fji - Simu­
lation (N)
Fe -
Theory
(N)
Maxwell 3D 
Mag. Field 
(A/m)
Experimental 
Mag. Field 
(A/m)
0 .1 0.0019 0.0029 321 335
0.5 0.0979 0.1003 508 521
1 0.3915 0.4013 1017 1039
1.5 0.8800 0.9030 1917 2 0 0 1
2 1.5650 1.6050 2034 2065
2.5 2.4460 2.5080 2543 2602
3 3.5210 3.6120 3052 3099
3.5 4.7930 4.9160 3490 3534
4 6.2590 6.4210 4070 5005
4.5 7.9190 8.1270 4578 4615
5 9.7740 10.030 5087 5111
Table 5.1: Attractive force comparison between calculated values using Equa­
tion 5.18 and simulation using Maxwell 3D [116] for the pointing actuators 
(Geometry given in Appendix A, and images showing the flux paths and 
density are given in Figure 5.9 and 5.10).
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5.1.2 Actuator Core Considerations.
Core M aterials
There are many types of material that exhibit properties that would make 
them ideal for the core material in an electromagnetic actuation system. The 
purpose of the core in the electromagnetic systems of the PPM is to amplify 
the effect of the magnetic field generated by the coils surrounding them. To 
understand this effect one must consider the interaction of the atoms that 
comprise a material. Every atom of a material is composed of electrons 
that orbit around the Nucleus and has two magnetic moments (illustrated 
graphically in Figure 5.6.
North
North
Figure 5.6: Graphical depiction of the magnetic moments caused by the 
direction of orbit of electrons in an atom [114].
The magnetic moment of an atom is given by the orbit of the nucleus around 
its axis, the orbit of its electron around its axis, and the orbit of the electron 
around the nucleus [114]. Each orbital ring (energy level) can contain two 
electrons with a spin direction that is in opposition to one another, therefore 
cancelling the magnetic moments. The valence electrons (electrons that are 
free to interact with other atoms) in each atom of certain materials that have 
an odd atomic number interacts with other valence electrons without causing 
a net magnetic moment [114].
Atoms respond differently when a magnetic field is applied to them depending 
upon how the magnetic dipole reacts to the field. In the majority of transition 
metals the aggregate of the magnetic moments within the atom is zero. Some 
materials such as nickel, cobalt and iron react differently, where the dipole
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in a single atom influences the surrounding atoms and causes the dipole to 
align to the same orientation. This has the effect of amplifying the magnetic 
field applied to the material [114].
this type of behaviour can be used to characterise materials together with 
their relative permeability, fir- This parameter can be related to the magnetic 
field by considering the magnetic field strength in a coil with N  turns of an 
I m long wire driven with i amps. This is given as Equation 5.22 [114].
N i
R  =  (5.22)
The magnetic flux density B in a vacuum is related to the magnetic field 
strength H  by Equation 5.23 (where /io is the permeability of free space, 
discussed in the previous pages).
B  =  /iqH  (5.23)
Equation 5.23 relates to a coil of wire in a vacuum, and when a core of
material with a relative permeability of fir is added, the magnetic field is
amplified and resultant flux density is now given by Equation 5.24.
B  =  firfioH (5.24)
The parameter fir can therefore be used to categorise materials for use in 
such a magnetic context. There are five main types of behaviour that can be 
associated with the fir property of the material.
1. D ia m a g n e tic  - These materials comprise of copper, silver, gold and 
alumina and have a fir of approximately 0.99995. superconductors are 
also considered to be Diamagnetic but lose their superconductivity in 
the presence of other magnetic effects such as paramagnetism.
2 . P a ra m a g n e tic  - Materials with a fir of more than 1 but less than 
1 .0 1  have unpaired electrons that have a net momentum due to this 
electron spin. The dipoles do not interact with an applied magnetic 
field, but applying a large magnetic field will cause the dipoles to align 
with the field until the field is removed. Once the field is removed the 
alignment is lost.
3. F erro m a g n etic  - W ith a fir that is significantly higher than 1, ma­
terials such as cobalt, iron and nickel have unpaired electrons whose 
dipoles align very easily with an applied magnetic field. These are 
some of the best materials for amplification of a magnetic field. The 
values of fir for these materials can be as high as 1 0 ®, which when consi­
dering Equation 5.24 demonstrates why these are such good materials 
for magnetic systems.
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4. AntiFerrom agnetic - Materials such as manganese and chromium 
exhibit zero magnetisation as they have a fir of 1. The magnetic mo­
ments in each neighbouring dipole always opposes each other cancelling 
out and therefore resulting in a net magnetic moment of zero.
5. Ferrim agnetic  - Ceramic materials with a fir in the range of 50-200 
are composed of different ions each with a different magnetic moment, 
the dipoles of one of the ions may align with an applied magnetic field 
while others may oppose it, but because each ion has a different dipole 
strength a net magnetism results.
Eddy Currents
When considering the use of electromagnets in an application such as this 
it is prudent to consider the effects of Eddy current losses within the core 
material. In this instance when a magnetic field is changing with time, a 
current is induced within any conductor that is present within the magnetic 
field (as described earlier 4. In this instance a current will be induced in the 
core that forms the centre of the coil in each actuator. The generation of this 
current consumes energy from the magnetic field which slightly reduces the 
force generated by the actuator (since the force generated by the actuators 
is a function of the energy in the magnetic circuit, as can be seen from 
Equation 5.6). The Eddy currents also generate heat within the core which 
further consumes energy in the air gap, and also introduces a phase lag that 
has implications on the control system of the PPM  [113]. These losses can 
be reduced by reducing the electrical resistance of the core material (since 
the heat produced is Ohmic which is related to the resistance of the core 
material by i%cREc)- This is typically done by splitting a solid core into 
multiple sheets of material that are separated by an insulating material. Eor 
the cores used in the PPM each lamination is 0.35 mm in width and the steel 
selected was Transil 330 which allows the normal operation of the actuators 
well within the saturation level of the material in the cores. The BH curve 
for this material is explained in Section 5.1.2 and given in Figure 5.8.
B H curve and Rem enance
An important parameter in an actuation system that uses magnetic materials 
is the magnetisation curve of the material. Figure 5.7 shows the general BH 
curve for a material, when a ferromagnetic material such as steel is subjected 
to an applied magnetic field domains with magnetic moments tha t are nearly 
aligned with the external magnetic field begin to grow. Between each domain 
is a region defined as a Bloch Wall in which the dipole moment is continually
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changing. The domains are typically only a few microns in width and the 
Bloch Walls are of the order of nano-meters thick. As a magnetic field is 
applied the force begins to move the Bloch Walls allowing the domains to 
grow in size. The force required to deform the Bloch Walls is large at first 
and then reduces. This is represented by the red element of the curve in 
Figure 5.7 and is defined by the initial permeability of the material fj^ i [114]. 
As the magnetic field increases less force is required to move the Bloch Walls 
and the domains can grow faster. This accounts for the increase in gradient 
towards the end of the red line of the curve in Figure 5.7. At a point in the 
magnetic field all of the domains are orientated with respect to the applied 
magnetic field, and therefore can provide no more gain. The material is 
now considered to be saturated and has reached its maximum permeability 
Fmax [114]. Once the applied magnetic field is removed from the
Residual Mgnetism Saturation 
(Ho, Bo)
Coercive Force
(-Ho, -Bo) B
Figure 5.7: The magnetic flux density in a general ferromagnetic material 
when subjected to an applied magnetic field [114].
material the Bloch Walls will resist the domains attempts to return to a 
random orientation of dipoles. A number of them will remain orientated 
in the direction of the applied magnetic field leaving the material with a 
residual magnetic dipole. This is known as remanence, Br, and accounts 
for the hysteresis experienced by materials when the applied magnetic field 
changes direction (The return curves of Figure 5.7). The coercive field He
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is required to force the domains to realign with a new direction of applied 
magnetic field, or to adopt their random orientation.
The saturation point on the curve is an important parameter, as it defines 
the maximum operating point at which the magnetic material will increase 
the magnetic field generated. If this is too low compared to the magnetic 
flux density at which the actuator is operating then the system saturates and 
the actuator will cease to produce more force.
i curve for Core material used in the PPM
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Figure 5.8: The BH curve for the core material Transil 330 used in the PPM  
actuators. Saturation occurs around 2 Tesla which is significantly lower than 
the 0.2 mTesla expected in the pointing cores of the PPM.
From the curve shown in Figure 5.8 it can be seen that saturation occurs 
around the 2 Tesla point. Simulation in Maxwell 3D [116] for the pointing 
cores shows that the maximum flux density in the cores during the minimum 
and nominal air gaps is no more than 0 .2  Tesla (Shown in Figures 5.9 and 
5.10, an order of magnitude lower than the selected core materials saturation 
point. The materials for Figure 5.9 and 5.10 is modelled using the BH data 
from the supplier of Transil 330. The curve can be seen in Figure 5.8.
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Figure 5.9: 2D plot showing the 
simulated flux paths and the flux 
density in the actuator cores in the 
PPM over a 0.5mm air gap. Maxi­
mum value does not exceed 0.13 
Tesla.
Figure 5.10: 2D plot showing the 
simulated flux paths and the flux 
density in the actuator cores in 
the PPM over a 3.5mm air gap. 
Maximum value does not exceed 
0.031Tesla.
Perm anent M agnets
In order to allow earth testing of the PPM the effects of gravity on the 
telescope antenna will be cancelled through the use of permanent magnets in 
a repulsive configuration. The PPM uses four pairs of permanent magnets in 
repulsive configurations that offset the mass of the telescope assembly and 
give the actuators a reactionary force to pull against. This configuration 
is shown in Figure 5.11 with a photo of the location in the PPM shown in 
Figure 5.12 The repulsive force of the permanent magnets is determined by 
Equation 5.25 [115].
FpM — 2/io
(5.25)
The repulsive force required from the permanent magnets needs to offset 
the mass of the telescope and optical components housed within. The gap 
between both permanent magnets will also need to be large enough in order 
to allow full range of movement while actuating the antenna, which means a 
larger air gap. This does mean that the grade of material used will need to 
be sufficient in order to generate this force. The use of rare earth magnets 
such as Neodymium (termed NdFeB after its chemical formula) or Samarium- 
Cobalt (SmCo) are widely used in Active Magnetic Bearings [106] [107] [110]. 
Neodymium Iron Boron is the material used for the permanent magnets in
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Figure 5.11: Schematic showing
the position and function of the 
permanent magnet pairs in the 
PPM.
Figure 5.12: Position of the per­
manent magnet pairs in the engi­
neering model (shown as the red 
pair).
this research due to there availability, cost and larger field strengths (resulting 
in a larger repulsive force). Samarium-cobalt magnets tend to produce a 
lower magnetic field the NdFeB magnets meaning a weaker force generated, 
they are more costly to produce and are very brittle and prone to cracking. 
However they do have a superior temperature stability and Curie temperature 
(temperature at which the material is demagnetized).
Optimisation of the permanent magnets if it were considered can be un­
dertaken using similar techniques discussed in [108]. However the ethos of 
this project is to use COTS components and elements wherever possible.
5.1.3 Resolution and pointing accuracy of the P P M
The positional accuracy of the electromagnetic actuators developed in this 
research depends largely upon the reluctance forces generated. This force 
consists of parameters that remain constant during operation, and on some 
that may change and fluctuate during operation. Considering the equation for 
the force produced by the actuators (Equation 5.18), it can be seen that all 
parameters can vary during operation with the exception of /xq since it is a 
physical constant. The fluctuation and change of these parameters over time 
can naturally effect the pointing resolution of the terminal.
•  N u m b er  o f  C o n d u c to r  tu rn s  (N )  - This can be considered a 
constant that will not change during normal operating conditions. Ho­
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wever during fabrication there may be counting errors, but these can 
be corrected for. From Equation 5.18 the introduction of a small bias 
in the current (in) would offset the force produced. This is the most 
practical way to correct any errors due to the winding of the cores in 
this research.
• M agnetic pole face area (An) - A solid iron core can be considered 
as having a constant cross sectional area that is a direct function of its 
geometry. Practically though laminated cores are more likely to be used 
resulting in a cross sectional area that is now a function of insulation 
thickness between each laminate and the tolerance of each laminates 
thickness. This error can again be compensated for by a change in 
current but is much harder to quantify without the use of microscopy. 
In many cases it can be assumed that once the cross sectional area has 
been established it remains constant. However the linear expansion 
coefficient of a material means that a volume change will occur as 
a function of temperature change. In the PPM of this research the 
effects of temperature change on the cross sectional area of a pole face 
is negligible. This change also has negligible effect on the permeability 
of the core material.
• Relative P erm eability  o f A ir  (pr,air) - Although this has little 
impact when applied in space, testing and application in Earth s at­
mosphere requires this point to be considered. Work undertaken by 
Hussaini and Wang [112] used experimental apparatus to measure the 
changes in the permeability of air. Changes in humidity, pressure and 
temperature can change the permeability of air by a factor of 1 0 “  ^ and 
thus the force produced by the same order.
• Current (in) - In order to actuate the telescope assembly the current 
will be used to vary and control the force produced by the actuators. 
The current can be influenced by the temperature and will exhibit a 
small change as the coil temperature fluctuates. However the biggest 
source of error regarding the current comes from the supply and am­
plifiers used.
• M agnetic Flux - From Equation 5.17 the terms on the denomina­
tor describe the paths of the magnetic flux in the magnetic system of 
Figures 5.1 and 5.2. If the core was made of iron with a relative per­
meability in the order of 5000 (assuming 99.8% pure), the contribution 
of the iron term (Icore/T r ,core)  becomes negligible with respect to the
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‘^ ^n/Pr,air term and can be largely ignored. However as the tempera­
ture increases or the core material becomes saturated then this term 
begins to have a larger effect on the force. Since flux always follows the 
shortest path, an increase in flux density to the point of saturation will 
force the flux to occupy points further away from the centre of the core, 
causing an increase in the flux length, thus increasing the term Icore- In 
order to reduce these effects, the selection of magnetic material needs 
to be made in order to ensure that operation of the PPM  is well within 
the saturation levels of the material. This will ensure tha t the value of 
liron is more predictable (since operation will not be at the saturation 
points of the material). The effects of out gassing on the laminations 
when operating in a space environment could be dangerous and consi­
deration of this would be needed. Conventional de-gassing techniques 
can be applied to the cores and outgassing measurements of stacked 
laminations can be found in [118].
5.2 Sensor Considerations
The accuracy and resolution largely depends upon the hardware used. This 
consists of the coarse sensors used, the fine tracking sensor, the Analogue to 
Digital Converters (ADC) card and the amplifiers used to drive current into 
the coils.
• C oarse S e n so rs  - These sensors will be used for levitation of the 
terminal and needs to provide 6  DGF of information representing three 
translations and three rotations. The accuracy of these sensors is not 
required to be good enough to achieve the target pointing resolution of 
this research, but size constraints within the terminal and the measure­
ment range is important. A focus of this research is the anti-vibration 
element of the PPM. The vibration rejection of the PPM  comes from 
the the isolation of the optical antenna from the spacecraft. Since this 
isolation is achieved through levitation of the antenna there must not 
be any physical contact between the two elements of the PPM  (the 
spacecraft holds the stator element, and the optical antenna forms the 
rotor in Figure 5.1). Therefore a number of different contact less sensors 
could be selected and these are discussed in the following points:
— C apacitive  S e n so rs  - These use the change in capacitance bet­
ween two electrodes to measure the distance. The capacitance
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between two electrodes is given by Equation 5.26.
C  =  (5.26)
where C  is the capacitance, e represents the permittivity of the 
medium between the electrodes, Agens is the area of the electrodes 
when they are overlapping and d is the distance between the elec­
trodes. These sensors generally operate on one of two principles. 
Either the distance between two electrode plates is used, or the 
area Agens of the overlapping electrodes is used in order to mea­
sure the distance. These approaches infers that an electrode must
be placed on both the rotor and stator elements of the PPM. Ho­
wever this sensor can also be realised by placing the electrodes 
next to each other parallel to the target object. This approach 
does require that the material of the target object has a permit­
tivity (or dielectric constant) that is not equal to one. By looking 
at appropriate capacitive sensors to implement in the PPM it was 
found that although the resolution and sensitivity is adequate, the 
surface are required in order to measure the required range is too 
large in order to fit into the PPM (approximately 30 mm sensor 
head to measure a 3 mm displacement) [119].
— E d d y  C u rren t P robes  - An eddy current probes uses a coil that 
is generally wound in the tip of the sensor body. This coil forms 
part of a tuned resonant circuit which is excited by an alternating 
field within its tuned range by an amplifier module. When placed 
into the proximity of a conductive target material eddy currents 
are induced in the target material. The magnitude of these eddy 
currents increases as the sensor head gets closer to the target. 
These cause the Q factor of the resonant circuit to then decrease 
as the eddy currents increases, thus giving a change in Q that is 
relative to the change in distance. The Q factor is then measured 
by the sensor amplifier module and then converted to a voltage 
that represents the distance. Eddy current probes have the reso­
lution required for this application and generally have a smaller 
sensor head when compared to Capacitive probes (approximately 
8  mm sensor head to measure a 4 mm displacement) [121]. The 
main constraint on the use of these sensor types is that the target 
material must be conductive. Better results (higher resolution and 
larger displacements can be measured), are obtained if the target 
material is ferrous but it is not a requirement.
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— In d u c tiv e  Probes - These sensors, like eddy current probes use a 
sensing coil that is wound in the tip, or body of the sensing probe. 
However, unlike the eddy current probes the inductance probe 
uses the relationship between the inductance of the coil and the 
distance between the probe and the target. In order for this probe 
to work effectively the target material needs to be ferrous, and 
have a relative permeability that is higher than tha t of the medium 
which separates the sensor and the target (assumed that it will be 
air for the purposes of Earth testing). Under this assumption the 
inductance of the sensor probe can be described by Equation 5.27
_  A g e n s  • A^o • tl'r,air ' ^sens 2 7 )
where Lgens is the inductance of the sensors coil, Agens is the area of 
the sensor probe, Ngens is the number of turns of conductor within 
the sensor probe and dgens is the distance between the target and 
the sensor tip.
These sensors are found in many magnetic bearing type applica­
tions and generally have a good accuracy and are very robust. The 
sensing range is generally less than the eddy current probes and 
the accuracy is influenced heavily by electronic noise and stray 
magnetic fields from the sensing coil. These can be compensated 
for by having a number of sensing coils allowing some of these ef­
fects to be calibrated out [1 2 2 ]. A further disadvantage is that the 
response of the sensors is non-linear and will require linearisation 
before using, thus limiting their operating ranges.
— O ptical S e n so rs  - Interferometry is not considered at this point 
as the resolution far exceeds the requirement for this part of the 
PPM. The cost is also extremely high when compared to the low 
cost solutions discussed here.
There are two types of generic optical sensor that can be applicable 
for application in this part of the PPM. The first type uses a light 
emitting diode (LED) that illuminates a photo diode, as in the 
Keyence PX series [124]. As an object passes between the LED 
and the photo diode the intensity measured by the photo diode is 
altered. This type of sensor can be packaged in a number of ways 
with a number of ranges, however the resolution is typically poor 
with respect to other optical techniques, and is more suited to an 
on/off application.
The second type can be implemented in a number of ways by 
different manufacturers with different resolutions and costs, but
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in essence follows the same principles. A laser is projected onto 
the target, which reflects the signal (or some part of it) into a 
receiver unit that is generally built into the same ’’head” that 
projects the laser. The received signal is then directed internally 
onto an optical sensor (could be a CCD, or PSD or simple photo 
diode). The displacement of the beam on this internal sensor is 
then representative of the displacement measured. Keyence for 
example use a method they call triangulation, where the reflected 
light is directed onto a Linearised CCD [125]. Optical sensors 
of this generalised type tend to offer very good resolution over 
relatively large distances. The disadvantage is that the heads that 
contain the optics can be quite large. They can also be sensitive 
to light (of varying wavelengths) and effected by the colour of the 
target material.
— H a ll S en so rs  - If a piece of magnetic material carrying a constant 
charge is placed into a magnetic field that is of a different charge, 
then the magnetic field will deflect the constant charge of the ma­
terial. This produces an electric force to counteract the magnetic 
one, thus resulting in a small output voltage that will be propor­
tional to the strength of the magnetic field [91]. This is called 
the Hall effect and can be utilised to measure displacement if the 
magnetic field is well known and characterised. These are largely 
utilised in motor encoders due to there small size. The advantage 
of this type of sensor is that they are low cost, small in size and 
relatively easy to implement. However the output voltage from 
them is very small and good amplification is required in order to 
make them practical.
An experimental system was fabricated as part of this research in 
order to obtain 6D 0F of information from the PPM using arrays of 
Hall effect sensors and permanent magnets (Figure 5.13). The flux 
density in each hall sensor can be seen in Figures 5.14, 5.15, 5.16. 
As the tilt angle about the A  or K axis increases, the magnetic 
field influencing the active area of the hall sensors changes. This 
change creates an output voltage that is then used to calculate the 
position. Using the voltage output from each Hall sensor in the 
arrays the position of the antenna could be calculated, however 
the resolution of the sensors was only ±300 /xm. The electronics 
that was designed and fabricated is shown in Figures 5.17 and 
5.18.
Another option for coarse sensing of the position of the PPM  antenna
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Figure 5.13: Layout of bespoke
Hall sensor arrays developed for 
the PPM.
Figure 5.15: Change in flux on a 
single hall array at a 1 ° tilt about 
the Y axis.
Figure 5.14: Flux density in each 
Hall array element for a 0° tilt 
about the Y axis.
Figure 5.16: Change in flux on a 
single hall array at a 2 ° tilt about 
the Y axis.
is to use the coils that provide actuation as the sensors, in a similar 
manor to [111]. This type of approach can be found in many sensor- 
less active magnetic bearings. The inductance of an actuation coil can 
be calculated and measured in order to get a reference value. During 
operation a change in the inductance of the coil can be measured by 
observing how the current changes in response to a change in the vol­
tage. This approach has the same issues that occur in inductive sensors, 
and work shown using similar approaches demonstrate that using the 
actuator coils as a sensing medium can in some cases introduce error 
and vibration into the system [123]. Therefore this option will not be 
considered for application to the PPM, as the introduction of errors 
due to this implementation cannot be tolerated.
F in e  Tracking  S e n so r  - Once a link between the two satellites has
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Figure 5.17: Amplifier sensing ar­
ray, the electronics gives the posi­
tion of the telescope assembly.
I
Figure 5.18: One of three hall
arrays that were used as a pos­
sible coarse sensing solution on the 
PPM.
been established it is this sensor that will use an incoming optical si­
gnal to maintain the pointing of the PPM with respect to the optical 
signal. This is typically achieved through the use of optical detectors 
that determine spot position by comparing current intensity distribu­
tion over photo active elements [130]. Taking a scenario at which the 
spot falls on a fraction of a pixel [131], obtaining information from four 
adjusted pixels a continuous function can be derived by subtracting 
currents from the individual pixels. This is known as a quadrant de­
tection technique [131] and is widely used in such applications. Charge 
Coupled Devices such as the one shown in Figure 5.19 can detect the 
position to a high accuracy by using centroid techniques. An example 
of this technique is show in Equation 5.28. This technique then allows
Posx = {h +  2^ ) — (%3 +  4^ )
(5 .28)
.V
Figure 5.19: Sub-pixel window 
example on active area of fine 
tracking sensor.
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for identifying spot position below the pixel resolution which increases 
significantly the sensitivity over a simple quantization where only pixel 
information is used. The size of these pixels varies but for this appli­
cation the range of a few microns (typically 15 fim  down to 6.7 fim  
according to Fairchild 3041 range and Kodak KAC range). Essentially 
each of these pixels is a capacitor which is coupled to the surrounding 
pixels, that then becomes charged when an optical beam is incident on 
the pixel [130]. The charge of that pixel is then shifted to the next 
pixel and read out from the device using an external circuit. Therefore 
the accuracy and resolution of a CCD is determined by the amount 
and size of the pixels in the given active area [130]. Considering an 
example where the laser spot covers more than one pixel in size (the 
spot size on the tracking sensor is 23 /im), such as the SOUT optical 
terminal a centroiding technique such as Equation 5.28 is used [132]. It 
is possible to increase the SNR of the tracking sensor by increasing the 
spot size (therefore increasing the optical power on the tracking sensor) 
and then looking at the quadrature constructed by several pixels [133] 
[131]. However implementing Equation 5.28 on a CCD takes time in 
processing which can limit the speed at which the device can operate. 
Also since a CCD is a combination of pixels time has to be taken to 
read-out the spot information thus limiting the speed of the device. 
Spot size can then be optimized for a given scenario to improve the 
SNR and accuracy [134] [131]. The optimal spot size for improved sen­
sitivity is a function of the CCD pixel size, and an example spot size 
incident on a tracking sensor CCD taken from a flown optical terminal 
was in the region of 23 fim  [132].
For this research, a Position Sensing Device (PSD) is proposed which 
has an active surface area consisting of a PiN photodiode material with 
a uniform resistance over its area [135]. When a laser spot is incident on 
the surface and a bias voltage is applied to the material the difference 
between the voltages at the two endpoints of the photosensitive area 
provides direct analogue information for the spot position. This device 
does not require the same readout techniques as the CCD making them 
significantly faster devices [16]. Also, unlike the CCD the PSD does 
not rely upon the size and number of pixels on its active area to define 
its accuracy or resolution. It does however rely upon its internal com­
ponents to provide the accuracy [135]. The PSD of choice here relies 
on very precise operational amplifiers to provide the analogue outputs 
for the devices X  and Y  axis.
•  A D C  card  - The positional accuracy that is seen on the PSD active
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In p u ts
Description No. Channels Resolution
Pointing Eddy Current Probes 4 1 2 -bits
Translation Eddy Current Probes 2 1 2 -bits
APD receiver 1
PSD X axis 1 16-bits
PSD Y axis 1 16-bits
O u tp u ts
Description No. Channels Resolution
Translation Coils 4 16-bits
Pointing Coils 4 16-bits
Table 5.2: 10 requirements for engineering Model.
area for a 3 /^radian pointing angle change is 0.2 fim. In order to 
detect the PSD positional accuracy of 0.2 /im which corresponds to 
a PSD output change of 0.4 milli-volts (through a iblO volt range), a 
16-bit Analogue to digital converter would be required. This is due 
to the 50,000 steps that would need to be measured (o.4e^ 3^^% L i(y)' 
The eddy current probes only have a resolution of 0.3 /im over a range 
of 6  mm therefore a 16-bit ADC card would be more than adequate. 
These boards need to be able to interface with the SIMULINK package 
(Real-Time Windows Target), therefore the choice is limited. National 
Instruments cards have already shown in previous SSC experiments 
that the noise values are well within 1-LSB. The 10 requirements can 
be seen in Table 5.2. The current driven in each coil of the PPM  needs 
to be controlled with an accuracy of 0.3 mA in order to retain a pointing 
accuracy of 3 /^radians. This needs to be maintained over an output 
range of TlO-volts. This corresponds to a DAC requirement of 16-bits. 
This also requires 8 -digital outputs which is not available on the NI- 
6023E (only has 2  available) so the NI 6703 PCI card is selected that 
has 16-analog voltage outputs (±10 v) that are each 16-bits. However 
a converter circuit is needed in order to change the ± 1 0  volts output 
range of the DAC to 0-10 volt range that controls the demand line of 
the current amplifiers.
C oil A m p lifie r s  - In order to manipulate the force produced by each 
actuator the current in each coil is adjusted by the control system. To
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provide the interface between the control system and the coils some type 
of electrical system needs to be implemented. Two different options for 
supplying the current to each coil are considered for application in 
the PPM. A switch mode amplifier system and a linear amplifier were 
considered. As the name suggests, switch mode amplifiers generate an 
output by switching where the power comes from. In this case the 
power supplies are very efficient, as current is either being drawn from 
the supply or from magneto-motive feedback from the coil. Since the 
amplifier using a switching mechanism to generate the desired output, 
this introduces a current ripple into the system. To smooth this ripple 
a capacitor or inductor based smoothing circuit is applied. This can 
reduce the speed at which the output changes, and if the filtering is 
decreased then larger ripples are present on the output. A rule of 
thumb when designing switch mode amplifiers is to allow up to 1 0 % of 
the rated full load current as ripple current. However this would mean 
that the noise introduced at the coils during steady state would be in 
the region of 0 .2  A which is undesirable. While not as efficient as the 
switch mode amplifiers, a linear amplifier can offer good performance 
if the in-efficiencies can be tolerated. Fabrication of a linear amplifier 
based on the LM3886 showed that the target accuracies of 0.3 mA could 
be achieved over a range of 0 to 3 A, with 0.5 mA being achieved at 
higher currents.
5.2.1 Sensor networks for the P P M
The PPM developed in this research uses two configurations of sensor network 
to provide two levels of sensing. As discussed in 5.2 these sensors could take 
a number of forms. Since they must be contact-less eddy current probes were 
selected to provide the coarse sensing, as they were low cost, small enough to 
fit within the PPM and could detect using the chassis of the platen (telescope 
assembly). The coarse network must be able to provide 6  degrees of freedom 
of information in order for a stable system to exist. This is provided by six 
eddy current probes located around the PPM. The equations governing the 
coarse network are presented in Section 6.1.4.
In order to achieve the fine pointing and tracking of the platen (telescope 
assembly) a second sensor network is used. This utilises the optical signal 
present in the telescope assembly. It consists of bespoke optics and a 2 - 
dimensional optical sensor as discussed in 5.2.
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Coarse Sensor configuration
A total of six eddy current probes make up the coarse sensor network, with 
provision for a seventh for a level of redundancy (not implemented due to 
cost). They are positioned in two sets. Three probes are positioned to sense 
the bottom face of the telescope assembly. Details regarding these sensors 
are presented in 6.1.4. Figure 5.20 and 5.21 show the positions of three 
ECP’s used to measure the displacement of the telescope assembly in p 
and Z. A further three ECP’s are used to sense the remaining three DOE
Figure 5.20: Isometric view sho­
wing the location of three eddy 
current probes within the PPM 
(highlighted in green).
Figure 5.21: Side view showing the 
three eddy current probes for poin­
ting (sensing (/>, p and Z).
and are shown in Figures 5.22 and 5.23. More details regarding the sensors 
and mapping are given in 6.1.4. The sensor data is utilised by the control 
system as shown in system diagram in Section 7.2.1. The schematic of Figure 
5.24 represents how a single channel of this sensor network interfaces to the 
PPM system.
Fine Sensor configuration
The fine tracking sensor utilises the optical signal through the bespoke te­
lescope optics as shown in Figures 5.25 and 5.26. The optics reviewed in 
Section 4.1 and designed for the PPM experiment focuses the diverged opti­
cal signal onto a fine spot that is incident on the photo sensitive area of the 
PSD plane. This 2 -dimensional plane allows the pointing error in cj) and p 
to be measured with a greater accuracy than the eddy current probes. This
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Figure 5.22: Isometric view sho­
wing the location of the eddy cur­
rent probe measuring rotation ijj 
(highlighted in green).
Figure 5.23: Top view showing
the three eddy current probes for 
translation (sensing -0, X  and Y).
ECP
Driver ADCECP Computer
Bespoke 
conversion I  
Calibration 
circuits
Figure 5.24: Schematic showing how the Eddy Current Probes interface to 
the control system of the PPM.
n
T Î1
Figure 5.25: Isometric cut through 
showing location and elements of 
the fine tracking sensor layout in 
green.
Figure 5.26: Side view showing the 
location of elements use to direct 
the optical signal onto the fine tra­
cking sensor.
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sensor is explained in more detail in Section 6.1.4. The physical connection 
of the sensor is shown in Figure 5.27.
-V ADCPSD Unit Computer
OT-301DL 
due! axis 
driver
Breakout Card
Figure 5.27: Schematic showing how the fine tracking PSD sensor interfaces 
to the control system of the PPM.
M X p p M
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5.2.2 Interaction of the P P M  w ith Earth’s m agnetic 
field.
Since the PPM is electromagnetically actuated it will interact with the Earth’s 
magnetic field and induce unwanted torque on the Space craft. This interac­
tion can be simplistically described by Equation 5.29 [126].
T sc  — M p p M  X  Bparth (5.29)
where Tsc  describes the magnitude of the torque generated by the spacecraft, 
MppM is the magnetic field strength of the PPM (Equation 5.30) and Bparth 
is the magnetic field intensity of the Earth. If the Earth’s magnetic field is 
simplified to a dipole then the intensity of the magnetic field at an altitude 
of r  can be given by Equation 5.31 [126].
(5.30)
B ex = ^ s in { is c ) ,  Bpy = ~ c o s{ isc ) , Bpz =  ‘^ ^ s in { is c )  (5.31)
where the strength of the E arth’s dipole moment (/xy) is taken to be 7.99e^^ 
W b/m , and isc  is inclination of the satellites orbit with respect to the E arth’s 
magnetic equator [128]. The magnetic field strength generated by the PPM 
under worse case operating conditions, and with no magnetic shielding are 
shown in Figure 5.29. The layout of the terminal is shown in Figure 5.28
The maximum magnetic fields generated by the PPM during operation 
can be seen to be approximately 680 A/rrP along the Z  axis, 370 A/rrP along 
the Y  axis and 180 A/rrP along the X  axis shown in Figure 5.29, these values 
are from Maxwell D simulation of the magnetic circuits. From equation 5.29 
these will generate unwanted torque on the space craft. At lower altitudes 
these unwanted disturbances are more prominent due to the strength of the 
Earth’s magnetic field. However as the field drops off the disturbances ge­
nerated by the PPM also reduce. Figure 5.30 shows the torques induced on 
the spacecraft as the altitude approaches 2000 km. The highest torque in 
this scenario is generated along the Z  axis of the terminal in the order of 
0.073 Nm at an altitude of 700 km which is not desireable. As the altitude 
increases the unwanted torque generated reduces to the order of 0.003 Nm 
at an altitude of 2000 km, and reduces even further to 30 /xNm as GEO 
altitudes are reached.
In order to be viable a magnetic shielding arrangement will need to be 
implemented. For this application a Faraday cage is not applicable as the
5.2. SENSOR CONSIDERATIONS 109
Figure 5.28: Layout of PPM terminal used in simulation of the magnetic 
field strength. The strength of the magnetic field is calculated along the line 
of the N , y , and Z  axi and presented in Figure 5.29
Aasoft Corpora* Km 
XYZ_Mag_H 
TermhwiH0D4_Rx
I
Distance from Centre of Teleacope [mm]
Setup* : LastAdspfive
Setup* : LastAdapttve
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Figure 5.29: Simulated field plot showing the magnetic field intensity along 
the N, Y  and Z  axis at increasing distances from the centre of the optical 
antenna. The centre of the telescope is located at 250 mm on all axis. No 
magnetic shielding has been implemented.
frequency of operation is below that which the cage would shield. Therefore 
in order to provide shielding an arrangement of high permeability materials 
will be required that can attenuate the magnetic held produced by the ter­
minal (the hux density in the terminal without shielding is shown in Figure 
5.31). In order to attenuate this a high permeability material is selected. 
Mu-metal will be layered to form two boxes around the coils area of the 
PPM. The high permeability of this material serves to channel the magnetic
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Spacecraft Altitude Vs Torque indeuced on Spacecraft due to PPM operation.
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Figure 5.30: Induced torque on space craft due to PPM operation. It is 
assumed that the axis of the PPM are aligned with the Spacecraft and with 
an ECI frame.
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Figure 5.31: Magnetic flux density and paths shown on surface where shield 
will extend to.
flux through the material rather than let it escape and stray. If a Mu-metal 
with a permeability of 80,000 was selected then the thickness of the shielding 
would need to fill 150 mm with a 10 mm gap bet wen the layers [127]. This 
would consume 80% of the available volume between the tops of the coils
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and the entrance pupil of the telescope. Weight could be further reduced by 
fabricating multiple shield layers of high permeability material.
5.3 P PM  Geom etry Considerations
This chapter thus far has considered a number of actuator aspects such as the 
forces generated, core properties and permanent magnets. This section will 
consider the different geometries in which these actuators could be configured 
in order to achieve the objective of levitating and actuating a platen in all six 
Degrees Of Freedom (DGF). The designs presented here will have to consider 
and make provision for the optical path required for fine tracking.
The design process to achieve the engineering model used for evaluation 
is shown in Figure 5.32. To begin with the degrees of freedom that needed 
active control were considered. This process followed a similar line as the 
optical work presented in Chapter 4, where errors along each degree of free­
dom were modelled and their effects on the receiver plain identified. This 
highlighted that all six degrees of freedom needed control. W ith this defi­
ned a number of actuator configurations were considered. Initially a design 
heavily influenced by conventional Active Magnetic Bearings (AMB)’s was 
considered and is shown in Figure 5.33 and Figure 5.34. However the de­
sign of Figures 5.33 and 5.34 would only have active control in 4 degrees of 
freedom. It was decided at this stage that adding the extra actuator coils 
would needlessly increase the complexity and the size of the system. With 
this under consideration, a modular approach was taken to the development 
of the PPM system. To begin with the pointing required was considered (ÿ 
and p). The system considered is shown in Figure 5.36 and Figure 5.36. This 
system uses a differential configuration of actuators to pull against each other 
controlling the displacement of the platform in the middle through a diffe­
rence of force between the actuators. This system allows for active control 
over the tilting of the platform in two DGF and would passively eliminate 
rotation about the third DGF. This design also allows for translation along 
an axis making it an actively controlled 3 DGF system with passive control 
over a single DGF.
This design still leaves 3 DGF uncontrolled. In order to gain active control 
over a DGF their must be an electromagnet reacting against another com­
ponent of force (since the reluctance force used is always attractive). If more 
electromagnets were to be added at this point in the design the system would 
quickly become very complex and sizeable. It was decided at this point that 
four of the electromagnets could be replaced with permanent magnets while 
retaining the functionality of the current design. This reduces the number
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Figure 5.32: Design process to develop the PPM.
of actuators required and crucially frees up space to consider control of the 
remaining DOF’s. The system now takes the form of Figure 5.37 and Figure 
5.38 where the permanent magnets fulfil the function of the electromagnetic
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Figure 5.33: Isometric view of ini­
tial AMB inspired configuration.
Figure 5.34: Top view showing ra­
dial actuator layout of this AMB 
inspired design.
Figure 5.35: Isometric view of a dif­
ferential actively controlled 3 DOF 
system.
Figure 5.36: Top view showing
the actuator configuration in this 3 
DOF system.
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actuators of Figure 5.36. The are designed to behave in the same ways as 
described in 5.1.2. They now provide the other half of the force required for 
the differential operation to control the displacement of the platform in a 
single translation and two rotations (shown in Figure 5.38). The system of
Figure 5.37: Isometric view with 
permanent magnets replacing one 
set of actuators (shown in red).
Figure 5.38: Side view showing po­
sition of permanent magnets used 
to replace four electromagnetic ac­
tuators.
Figure 5.37 still only allows active control over 3 DOF. Therefore in order 
to add further control to the terminal the design was modified to include 
another set of differential actuators, shown in Figure 5.39 and Figure 5.40. 
the system of Figure 5.40 still requires control over a final degree of freedom. 
Two options were considered at this point. A further set of actuators were 
modelled to provide rotation about the centre of the telescope but it was 
decided that this would introduce a large degree of complexity to the sensor 
networks and the control system, as the kinematics would be needlessly com­
plicated to process. Instead it was considered that the four radial actuators 
could be tilted to generate two components (A force and a torque) rather 
than the single component shown in Figure 5.39. This actuator configura­
tion is shown in Figure 5.41 with a complete description of the degrees of 
freedom achieved with this configuration shown in Figure 5.42.
The angle of the actuators does add an extra degree of freedom but reduces 
the force along the X  axis to only 30% of the force produced from the ac­
tuators. This reduces the stiffness along the X  axis but was found during 
experimentation that it did not prove a problem.
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Figure 5.39: Top view of 5 DOF sys­
tem. Yellow arrows mark the added 
fourth and fifth degree of freedom.
Figure 5.40: Isometric view of the 
now 5 degree of freedom system. 
Four actuators have been added to 
control a further two translations.
Figure 5.41: Schematic showing the 
actuators of Figure 5.39 tilted to 
achieve an additional degree of free­
dom.
Figure 5.42: Final system design 
showing all six degrees of freedom 
achieved from the actuators.
116 CH APTERS. THE PPM  M AGNETIC SYSTE M
5.4 Chapter Conclusions
In order to actuate the optical elements that comprise the telescope assembly, 
different forms of contactless actuation has been considered. An actuator 
configuration consisting of reluctance force electromagnets and permanent 
magnets has been developed and modelled, and aspects of the mechanism 
that would effect the pointing resolution have been considered. It then looks 
at possible sensing solutions that could be applied to the engineering model in 
order to achieve the pointing requirements of Chapter 4. The actuation me­
chanisms magnetic field and the interaction of this with the Earth’s magnetic 
field has been considered for a number of altitudes. This has shown that a 
level of magnetic shielding would be required, not only to protect any instru­
mentation on the satellite, but to also reduce the unwanted disturbances on 
the platform due to the PPM. Finally the design process in order to achieve 
the proof of concept model for hardware experimentation has been discussed 
along with the evolution of the PPM. Aspects of the decisions made during 
this design phase are spread out through this chapter, and consolidated in a 
summary of criteria used in the design of the PPM  (Table 5.3).
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D e s ig n  e le m e n t V a lu e
T x Telescope Gain ( G t ) 106.918 dB
Rx Telescope Gain ( Or ) 106.740 dB
Primary Mirror OD 60 mm
Primary Mirror ROC 195 mm
Secondary Mirror OD 25.4 mm
Primary Mirror surface finish A/10
Central Obscuration Ratio (7 ) 0.2 to  0.5
Tx Laser Power ( P t x ) 100 mW
Engineering M odel Laser Wavelength (A) ^ 850 nm
T x optics efficiency ( r t ) 69%
Rx optics efficiency (j i r ) 69%
Telescope F-number F5
Engineering model Link Range (Z) 1000 km to  3000 km
Free Space Loss (Lr s ) 106 dB
Maximum Pointing error (9) ± 3  juRad
Receiver Element Photonics FDSOlO APD
APD  responsivity 0.6
A PD  M ultiplication Factor 100
D ata Bandwidth of channel 1 C b it/s
Pointing Core Pole Face Area (Ap) 25 mm by 15 mm
Translation Core Pole Face Area (At) 10 mm by 11.6 mm
Pointing Conductor Turns (Nprim) 225
Translation Conductor Turns (Ntrans) 85
Pointing Actuator steady state current (in) Approx. 1.4 A
Translation Actuator steady state current (in) Approx. 2 A
Pointing Actuator Air gap range (€n) 7 mm (3.5 mm Nominal)
Translation Actuator Air gap range (€n) 1.2 mm (0.6 mm Nominal)
Pointing Actuator Coil Inductance 10.1 fiR
Pointing Actuator Coil Resistance 4.2 Ohms
Translation Actuator Coil Inductance 6.2 /iH
Translation Actuator Coil Resistance 1.9 Ohms
Pointing Resolution ^ 0.1 mA per 1 //rad
Pointing Core Flux Density ^ Min. 0.01355 T  Max. 0.138 T
Pointing Actuator Force ^ Max. 2.2 N
Translation Core Flux Density Min. 0.0011 T  Max. 0.028 T
Translation Actuator Force Max. 1.1 N
Translation Stiffness^ Space: 0.1 mN Eng: 0.6mN
Pointing Stiffness Space: 0.1 mN Eng: 0.6mN
Table 5.3: Summary of design requirements for the PPM.
1 2 3 4 5
^This value differs from the wavelength proposed in Chapter 4.1. This is due to cost 
and availability of the source for experiments with the engineering model.
^This was validated experimentally in the full system. A current change of 0.1 mA was 
commanded to invoke a change in the pointing angle 4>. An optical displacement sensor 
(LK-G152/157) with a measuring accuracy of 0.001 / i m  was borrowed from Keyence [129] 
and used as for independent verification.
^Values taken from Maxwell 3D simulations and numerical methods.
“^Values taken from Maxwell 3D simulations and numerical methods.
^The space value required is taken from literature. The Eng refers to engineering model 
requirements and a stiffness lower than this value resulted in an unstable system.
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Chapter 6 
The P P M  Engineering m odel
In this chapter the implementation and operation of the engineering model 
is discussed. A description of the sensor networks is given before presenting 
the construction of the telescope assembly. The fabrication of the electroma­
gnetic cores is shown along, and the implementation of the electromagnetic 
systems is presented to give the reader a more detailed understanding of the 
actuation system within the PPM. Finally and overview of the terminal dy­
namics is given. These dynamics were used in the simulation models and 
parts are used within the control code of the engineering model.
6.1 Experimental hardware Setup
The engineering model was fabricated by the workshops of the University 
of Surrey with some parts being sub contracted externally. Figures 6.1 and
6.2 show the completed PPM setup in the SSC laboratories, mounted on a 
passive anti-vibration table. This is to reduce the influence of stray vibrations 
on the PPM allowing measurement of the pointing accuracy to be made.
Figure 6.3 is an image with the telescope assembly removed showing the 
actuators, permanent magnets and sensors that are used to levitate and mea­
sure the position of the telescope assembly. Around the outer ring are the 
two PRS02 eddy current probes and Sq that measure the translation along 
the X  and Y  axis respectively. The white plastic guards were fabricated in 
order to protect the delicate tips of the eddy current probes from damage 
in the event of instability. Also around the outer ring are the four electro­
magnets that control the translation of the telescope assembly along the X  
and Y  axis, and also control the rotation of the telescope Incorporating 
these three functions into one set of actuators was found to reduce the need 
for further actuators in order to separately control the rotation xp. It is also
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one the reasons for the angle at which these actuators are mounted. At this 
angle it is possible to control both displacements X ,  Y  and rotation 'ip.
Looking at the centre of the image shown in Figure 6.3 a further three 
eddy current probes can be seen. These are the PRS04 probes represented 
by Si, S 2 and S3 , and are used to measure the displacement along the Z  axis 
and rotations (p and p by measuring the position and angle of the base of the 
telescope assembly.
Around these three sensors are a further four electromagnets (the labels E l, 
E2, E3 and E4 can be seen). These are responsible for controlling the pointing 
angle of the telescope assembly {(p and p) and the displacement Z.
Finally four discs can be seen in between each pointing electromagnet. These 
are the permanent magnets that provide a repulsive levitating force against 
the permanent magnets on the telescope assembly.
The box to the left contains the PSM-10 PSD fine tracking sensor and beam 
splitter (which can be seen protruding from the white side cover).
Figure 6.4 shows the telescope assembly placed into position. It also shows 
(on the right side of the image), the bracket that holds the last PRS04 eddy 
current sensor (^ 7 ) that detects the rotation p^ by measuring the distance 
between the tip of the eddy current probe and the sensor plate attached to 
the telescope assembly. As discussed earlier, this measurement must account 
for changes in displacement along X ,  Y  and tilting about (p and p in or­
der to isolate only changes in 'ip. The engineering model was designed to 
demonstrate the levitation and actuation of the telescope of an OCT using 
low cost COTS, and showing that two control loops combining lower resolu­
tion sensors and low cost higher resolution sensors can achieve the pointing 
accuracies required to maintain an optical link.
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Figure 6.1: Photo showing the
PPM and associated hardware.
Figure 6.2: CAD model showing 
the major elements of the PPM.
mmf-
Figure 6.3: View of the internal 
actuators and sensors of the PPM 
base element of the terminal.
Figure 6.4: Image showing the te­
lescope assembly now in place over 
Figure 6.3.
Although the data rate of the OCT scenario is not evaluated in experimen­
tation the divergence of the link scenario is facilitated using a small lens 
mounted on the aperture of the laser. This diverges the laser at an angle 
of approximately 30°. The entrance pupil to the telescope assembly is then 
150mm away from the laser source which allows the optics to focus the laser 
source back to a fine spot on the PSD. It was found during experimenta­
tion that the quality of the low cost laser introduced a small positional error 
caused by the elliptical beam shape at the exit of the laser.
A system diagram that illustrates the physical setup of the PPM expe­
riment is shown in Figure 6.5.
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Figure 6.5: Overview of the hardware setup of the PPM experiment tha t is 
shown in the photo of Figure 6.1.
A ctuator operation and profiles
The two actuator systems in the PPM allow the magnetic field that interacts 
with the platen (the telescope assembly) to be varied causing a motion in 
the platen.
The pointing system refers here to the actuators that control three degrees 
of freedom in the system, the two pointing angles that correct for pointing 
errors 0, p and the translation Z. These actuators comprise of 225 turns of 
wire around a laminated steel core, and consume approximately 70 W. This 
system of actuators is shown in red in Figure 6 . 6  and 6.7.
The forces acting in the pointing actuators are represented in Figure 6 . 8  
produce a force that opposes that of the permanent magnets. This differential 
arrangement means that to tilt the telescope assembly by angle ÿ, the current 
is reduced in the coils of actuator 2 , reducing PAct2 and increased in actuator 1  
which increases F^icu- The permanent magnets were sized in order to levitate 
the mass of the telescope assembly while giving the pointing actuators a 
force to react against. In order to size the actuators and permanent magnets 
simulation work was undertaken in Matlab with simulations to verify as much 
as possible the results using Maxwell 3D. As a starting point the mass of the 
telescope was calculated using the material properties embedded solver in
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Figure 6 .6 : Side view showing the lo­
cation of the pointing actuator system 
within the PPM, responsible for three 
degrees of freedom (ÿ, p, Z).
Figure 6.7: Top view of pointing sys­
tem showing the pointing cores in red.
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Figure 6 .8 : Schematic showing the operation of the pointing actuators of the 
PPM.
Solid Edge [117]. The current consumption of the pointing actuators was 
modelled as a function of deviation from the reference position. Figure 6.9 
shows that the current consumption in the reference position (at an average 
air gap of 3.5 mm) is expected to be approximately 1.5 Amps. However the 
stiffness of this element of the system depends upon the relationship between
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the permanent magnet force and actuator force. Equation 5.20 in Section 
5.1.1 shows the relationship between the force and the stiffness of the system. 
The stiffness of this system should be adequate in order to overcome the 
disturbances discussed in Section 2.3. A similar model was also produced
Air Gap Vs current consumption.
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Figure 6.9: Plot showing the relationship between the current in the pointing 
actuators of Figure 6 .6 . Position 0 corresponds to the reference position of 
3.5mm and increases/ decreases are with respect to this point.
for the change in force from the permanent magnets as a function of the 
change in air gap. Figure 6.10 shows the profile for the permanent magnet 
pairs. The air gap was designed to be adjustable in the engineering model 
for tuning purposes, and allow flexibility to alter the stiffness of this element 
of the system.
The translation system refers here to the actuators that control three degrees 
of freedom in the system, the two translations along X  and Y , and a single 
rotation -0. These actuators comprise of 85 turns of wire around a laminated 
steel core, and consume approximately 42 W. This system of actuators is 
shown in red in Figure 6.11 and 6.12.
The translation actuators behave in a similar differential configuration which 
is more akin to the classical AMD technologies. This is depicted in Figure 
6.13.
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Figure 6.10: Plot showing the relationship between the repulsive force of the 
PM ’s of Figure 5.11. Position 0 corresponds to the reference position of the 
PM ’s and increases/ decreases are with respect to this point.
Figure 6.11: Isometric view showing 
the location of the pointing actuator
system within the PPM, responsible Figure 6.12: Top view showing the
for three degrees of freedom {X, Y, 'ip). translation actuators in red.
6.1.1 Optical bench (implementation)
The optical bench developed in section 4.1 consists of a bespoke primary 
mirror fabricated by MBDA Precise Solutions, a flat COTS secondary mir­
ror purchased from Melles Griot CVI, and the telescope assembly that was 
fabricated by the University of Surrey workshops. The primary mirror is
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7
Telescope Assembly COS(2Fa:12+3)
Figure 6.13: Schematic showing the operation of the translation actuators of 
the PPM.
fixed to reference points within the telescope assembly and then screwed 
firmly into place. The primary mirror is fabricated from aluminium and can 
be seen in Figure 6.14 and 6.15.
Figure 6.14: Image of the pri­
mary mirror. Two were fabricated 
and polished by MBDA and have 
the finish and features discussed in 
Section 4.2
Figure 6.15: Image showing the 
back of the primary mirror.
The secondary mirror is fixed onto a spider mount that is adjustable. An 
Edmunds Optics COTS square flat mirror that is mounted at 45° to direct 
the optical signal out of the telescope is glued onto a bespoke mirror holder 
that is fixed to the bottom of the telescope assembly. The telescope assembly 
is shown in Figure 6.17 and 6.16. The optical signal then passes through a
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Figure 6.16: Front view of teles­
cope. The 45° mirror shows the 
hole through the primary mirror.
Figure 6.17: Picture showing the 
telescope assembly actuated by the 
PPM.
beam splitter where a portion of the light is directed to the receiver module 
(an APD) and a portion to the fine tracking sensor (PSD). This is shown in 
Figure 6.18.
- t l
Figure 6.18: Photo showing the beam splitter in the optical path to divide 
the optical signal between the receiver module and the fine tracking sensor 
(PSD).
The amplifier electronics for the PSD is mounted in a shielded box ex­
ternal to the optical bench and are discussed in more detail in Section 6.1.4. 
The fine tracking sensor then uses three inputs into the ADC card that in­
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terfaces between the computer and the PPM hardware {X  axis value, Y  axis 
value and S U M  which gives a measure of the intensity of the optical signal 
incident on the active area of the PSD).
6.1.2 M agnetic Actuator Configuration
The PPM consists of two electromagnetic systems that provide levitation 
and control over the pointing and translation of the telescope antenna in 6  
DOT (X,  y ,  Z, 0, p and 'ip). Two sets of electromagnetic cores were designed 
and sent for manufacture by Photofabrication (shown in Figure 6.19).
Figure 6.19: Photo showing the fa­
bricated laminated steel cores used 
in each magnetic system.
Figure 6.20: Photo showing the 
cores held in position for winding.
In order to protect the enamel insulation on the copper wire that forms the 
each coil the corners of the cores are file smooth leaving a sharp corner on 
the face edge. Thin plastic stoppers are glued into position in order to keep 
the coil layers from spreading apart. Finally a layer of grease proof paper is 
layered tightly over the surface of the laminated cores. The coils are then 
wound tightly by hand on one side of the core with epoxy resin impregnated 
into each layer to ensure consistency of winding and to aid dissipation of 
any heat. The direction of winding is always ensured to be clockwise for 
consistency, and the tails (the exiting conductor from the winding pack) 
always finishes at the bottom of the core to allow more convenient electrical 
connection to the amplifiers via terminal block.
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The magnetic systems are illustrated graphically in Figure 6.21. The 
actuators highlighted in blue control translation along Z,  rotation about X  
(0) and rotation about Y  (p). The actuators highlighted in green control 
translations along X  and Y  and rotation about Z  {ip). Pointing in this
Figure 6.21: Illustration showing the magnetic systems that levitate and 
actuate the PPM.
context refers to (p, p and 'ip, and translation refers to linear motion along 
axis X ,  Y  and Z  (these axis are defined in Figure 6.24). In the design of the 
PPM each actuator provides control over both translation and pointing. The 
position of the permanent magnets (PM’s) in a repulsive configuration that 
have been sized and selected in order to provide a levitation force along the 
Z  axis (Figure 6.24) are shown in Figure 6.22 and Figure 6.23. The repulsive 
force generated by these permanent magnet pairs serves two purposes. For 
Earth testing of the PPM this force offsets the effects of gravity on the mass 
of the telescope antenna. It also provides a force that opposes the reluctance 
force generated by the four electromagnets, thus allowing control over the 
Z  displacement. The forces produced by the pointing actuators for this 
engineering model total a net force of 12.04N. The force allows the effects 
of gravity on the telescope assembly to be offset, as well as providing a net 
force of approximately 0.04 Newtons (in reference position) for the pointing 
actuators (/i, / 2 , fs and f^) to overcome allowing levitation to be achieved. 
The repulsive forces produced by the permanent magnets is a function of the 
air gap between the pairs, therefore this is adjustable in order to allow these 
forces to be tuned on the engineering model.
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Figure 6 .2 2 : CAD image showing 
position of the permanent magnets 
highlighted in red.
Figure 6.23: Photo showing the 
position of the lower permanent 
magnet within the PPM. The top 
PM is embedded in the Telescope 
assembly.
Compensation of gravity in this way puts extra demands on the actuators 
and control system of the PPM. In microgravity the force required from the 
permanent magnet pairs can be dramatically reduced as the mass of the force 
compensation required to act on the telescope assembly due to gravity is eli­
minated. The permanent magnets also produce undesired forces that induce 
a torque (T^) about the Z  axis, and unwanted translation along X  and Y . 
The effects of these are reduced as much as possible through offsetting the 
positions of the permanent magnets. Since the PM ’s for Earth testing are 
sized in order to offset the mass of the telescope assembly these unwanted 
forces and torques are larger than they would be in a microgravity scenario. 
Through magnetic modelling using the Maxwell 3D package, the unwanted 
forces generated were found to be less than 1 0 % of the force produced by the 
electromagnets when a full 5° (scenario in which worse case unwanted distur­
bances are experienced), rotation about ( p  and p was commanded, so there 
is adequate margin in the electromagnets to overcome these disturbances. 
However in a microgravity situation the force from the PM ’s means that this 
margin grows, and if desired the stiffness of the system could also be in­
creased while retaining the original margins in the actuators. The kinematic 
model of the PPM was derived as Equation 6.1. where is the radius to the 
electromagnet from the centre of the telescope, ktx and kty scales the forces 
/s, /e, / 7 , fs produced by the translation electromagnets due to the offset ro­
tation of 30° (required to allow control over ' i p ) .  This kinematic model maps
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Figure 6.24: Layout showing placement of Electromagnets and forces.
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the individual forces produced by the electromagnets to the net forces that 
act along axis X , Y  and Z, {Fx, Fy, Fz) and the net torques about axis X ,  Y  
and Z  (Tx,Ty,Tz) respectively. The inverse of this is then used to calculate 
the required change in force in to compensate for the displacement measured 
by the sensors.
6.1.3 Precise Current Amplifier
Switch mode amplifiers werre developed for an initial magnetically levita­
ted beam project with poor results using the Apex SA60 [120]. After the 
development of a bespoke driver system and electronics using this device it 
was found that the phase margin performance was very poor and a stable 
system was not achieved. On further investigation and work with Apex it 
was found that each circuit needed to be individually tuned very accurately 
to the electrical properties of each coil. Although thermal properties should 
be negligible, it was found that after prolonged coil use the temperature in­
crease was enough to change the electrical properties of the driver circuits 
PCB. This was very time consuming. The noise performance of the bespoke 
electronics was also found to be very poor and significantly degraded the Si­
gnal to Noise ratio of the system leading to further instabilities contributing 
to the in ability to achieve a stable levitated system.
In order to progress with the development of the core element of the research 
(the magnetically levitated precise pointing of a platen), it was decided tha t 
a modified circuit based on a less efficient linear amplifier system was more 
practical for use in an evaluation model of the PPM.
In order to drive the actuator coils linear amplifier boards were developed 
consisting of the LM3886 6 8 W (to a 4Q load) power amplifier. Although 
these provided a low noise solution they are not very efficient and require 
significant heat sinks. The eight amplifier boards were manufactured and 
mounted into a rack system to allow easy connection. This is shown in Fi­
gures 6.25 and 6.26. During initial testing of the amplifiers it was found tha t 
at higher current demands (above 3Amps) the output began to oscillate. 
This is because the impedance of the coils was not high enough to be within 
the design range of the amplifier. To correct for this a 3.3(4 50W power resis­
tor was connected in series with each coil thus increasing the impedance and 
bringing it to within the design range of the amplifier. Since these generated 
more heat they were attached to the heat sink of the amplifier boards (the 
gold coloured component in Figure 6.26). This did increase the total heat 
generated by the amplifier rack as the heat sinks were designed for only the 
amplifier boards. To ensure that no damage was caused through excessive 
heat build up small DC fans were installed. The amplifiers also have a current
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Figure 6.25: Rack mounted
precise current amplifiers.
€
Figure 6.26: Single channel amplifier 
in situ within the rack.
feedback network using the AD620 that calculates the current by measuring 
the voltage across a O.lfl resistor that is connected in series with the coil. 
This then increases the voltage until the error between the demanded current 
and the actual current is close to zero.
The output current of each board is controlled by an input voltage that 
represents the current demand. The relationship between the demand voltage 
and output current is given in Figures 6.27 and 6.28.
Current Gain -board1.csv-19*Mar-20D9
s
2
0.250.05 0.1 0.15 0.20
Current Gain -boards.csv-18-M ar-2009
y =  9.4b8’ x-G.G0271
■ ■ I l u l
Input V oltage, V
0 0 .05 0.1 0.15 0 2  0.25
Input V oltage, V
Figure 6.27: Linearity and resi­
duals of current amplifier board 1 .
Figure 6.28: Linearity and resi­
duals of current amplifier board 5.
6.1.4 Sensor Configuration
The PPM uses two levels of sensors in order to achieve levitation and fine 
tracking. Sensor types were discussed in Chapter 5.2, and are split into the 
two points below.
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•  Coarse Sensors - This network of sensors is required to to provide 
information on the position of the telescope assembly in all 6 -DOF. For 
this three sensors are used that pick up on the bottom face of the te­
lescope assembly that measure the displacement of the telescope along 
the Z  axis. These sensors are also used to calculate the pointing angles 
4> and p. These three sensors are highlighted in Yellow in Figure 6.29 
and 6.30. The equations used to map these sensors to there respective 
degree of freedom are shown in Section 6.1.4 A further two sensors are 
used to measure the displacement along X  and Y . These are high­
lighted in purple shown in Figure 6.29 and 6.30. The final DOF is the 
rotation about the Z  axis (^). This is highlighted in red in Figure 6.31. 
The equations that map the sensor values to their respective degree of 
freedom are given in Equations 6.7, 6 . 8  and 6.9. The final DOF is the
Figure 6.29: Layout showing the 
position of the coarse pointing sen­
sors within the PPM.
Figure 6.30: Layout of transla­
tion sensors measuring the displa­
cement along the X  and Y  axis.
rotation about the Z  axis ipjj). This is highlighted in red in Figure 6.31. 
The sensors used in the engineering model are eddy current probes 
supplied by Sensonics, details of which are found in Table 6.1. Two 
sensing ranges are required and are achieved by using the PRS04 and 
PRS0 2  Eddy Current Probes. The amplifiers that drive each ECP 
and generate an output voltage as a function of displacement are then 
interfaced to the computer on a single line of the ADC.
During initial experimentation the performance of the Eddy current 
probes was very poor and had a range no better than 2 mm (for the 
4mm ranged probe). This was due to the Aluminium from which the 
telescope assembly was fabricated. In order to improve this perfor­
mance a thin strip of steel sheeting (0 .2 mm) was attached to the sensing 
surfaces of the telescope assembly. This allowed for better conducti-
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Figure 6.31; location of -0 sensor.
Param eter PR S04 PR S02
Body Material Stainless Steel Stainless Steel
Sensing Range 0.25 to 4mm 0.25 to 2mm
Power Supply -24 Vdc at 30mA -24 Vdc at 30mA
Effects of Target Magnetisa­
tion
less than 1 % 
(full scale) at 
llOmT
less than 1 % 
(full scale) at 
llOmT
Effects of Target curvature +2% at 150mm 
Dia, 4-5% at 
25mm Dia
4-2% at 150mm 
Dia, 4-5% at 
25mm Dia
Table 6.1: Summary of ECP data sheet.
vity of the eddy currents that the probes use in order to measure the 
displacement.
•  Fine Tracking Sensor  - The fine tracking sensor used in the PPM 
engineering model is the PSM 2-10 (PSD unit) from On-Trak Photonics 
with the OT-301 amplifier. The PSD has an active area of 10mm by 
10mm and interfaces with the amplifier board via an RS232 cable. 
The amplifier board provides the X ,  Y  and SUM outputs discussed in 
Section 6.1.4. Details of the PSD and the amplifier board can be found 
in Tables 6.2 and 6.3 respectively. In order to calculate the position of 
the laser spot on the active area of the PSD the OT-301DL amplifier 
uses precision op amps to calculate the position of the beam as a ratio
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P a ra m e te r V alue
Detector Type Duo-lateral Silicon
Active area 1 0 mm by 1 0 mm
Wavelength Range 400 - llOOnm
Typ. Resolution 250nm
Package Aluminium cased
Table 6 .2 : Summary of PSD data sheet.
P a ra m e te r V alue
Detector Type Duo-Lateral PSD
Input Sensitivity 10-^ A/V, 10-4 A /V  
or 1 0 -^ A /V
Output Signal Ov to rhlOv
Calibration adjustment ib 1 0 % of reading
Offset range ±  l.Ov
Linearity =b 0 .1 %
Table 6.3: Summary of PSD amplifier (OT-301) data sheet.
of the PSD’s two cathode connections. This is given in Equation 6 .2 .
X I  — X 2 \  LpsD
P S D x  = X 1  + X 2
(6.2)
where P S D x  is the beam position along the X  axis of the PSD, X I 
and X2 are the cathode outputs from the PSD and Lpsn  is the length 
of the active area of the PSD along the axis to be calculated. The 
beam position calculated is referenced from the centre of the PSD’s 
active area, and P S D y  can be derived in a similar way.
T ran s la tio n  Sensors
The air gaps of each translation (% , % ,  % ,  actuator consists of a 
contribution from displacements along the X  and Y  direction (according to 
Figure 6.24). From Figure 6.32 the contribution from the X  and Y  compo­
nents taken from sensor readings is given by Equation 6.3 and Equation 6.4 
for ( 5  and (g respectively. Similarly the change in and (g can be derived 
with particular attention paid to the sign of the contribution from S 5 and Sq 
(Equations 6.5 and Equations 6 .6 ).
%  =  { - s i n a n )  +  S e  (cosQn)] (6.3)
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&
Figure 6.32: Layout of contributions for the translation actuator air gaps as 
a function of S 5 and Sq.
%  =  [«S's (smCKm) +  «S's (cOSCKn)] 
%  =  (smcKfi) -  5'6 (cosa^)] 
%  =  [«S's ( -S m C K n )  -  5"6 (cOSCKy,)]
(6.4)
(6.5)
(6.6)
During calibration of all Eddy Current Sensors the telescope assembly is 
hard mounted into the reference position using plastic mounting strips. In 
this configuration sensors S 5 and Se were calibrated to show a reference value 
of 0 .0 0 1 m.
Pointing Sensors
The three eddy current probes that are used to measure the displacement 
of the telescope assembly are shown for clarity in the wire frame model of 
Figure 6.33. From Figure 6.33 Equations 6.7, 6 . 8  and 6.9 are used to calculate 
the change in angular position about the X  axis {(f)), the Y  axis (p) and the 
displacement Z.
trni-: I I -rs
( 'S 'l — Z c o m  ~  Ô Z )
r s
(6.7)
(6.8)
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!■%
Figure 6.33: Wire frame model showing the position of the eddy current 
probes Si, S 2 and Ss.
^  _  {S3 -  ^com) +  (rs X tan(tan ^ (6.9)
where Si is the sensor number, Zcom is the commanded position along the 
Z  axis, (j)cai allows tuning of enginerring model and rs is the radius from 
the centre of the telescope assembly to the centre of the eddy current probes 
sensing tip.
During calibration of all Eddy Current Sensors the telescope assembly is 
hard mounted into the reference position using plastic mounting strips. In 
this configuration sensors Si, S 2 and S 3 were calibrated to give a Z^ef of 
0.0014m for the pointing sensors.
Using S i ,  S2 and S3 the air gap between each rotor and stator element of 
the pointing actuators can be measured. These are given in Equations 6.10, 
6.11, 6.12 and 6.13.
Cl — S p o i n i  X  (tan( p)) T ôz T ^Re f
C2 Hpoint ^ (tan((^)) T ôz T Zjicj
Cs =  Hpoint X (tan(p)) T  Sz Zuef
(6 .10)
(6 .11)
(6 .12)
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&  —  Hpoint  X (tan( —C>)) -h âz -h ^Ke/ (6.13)
The output from the eddy current probes used here are converted to a 
voltage range that is acceptable to the ADC card through a bespoke conver­
sion board that features precision low noise amplifiers, and is housed in a 
shielded box to reduce noise further.
?
Figure 6.34: Bespoke ECP conversion board used to convert yhe output from 
the ECP sensor amplifiers into a signal that can be used by the ADC card.
Fine tracking Sensor
When a laser spot is incident on the active area of the PSD fine tracking 
becomes active. Figure 6.35 shows the optical path to the active area of the 
PSD. The Equations 6.14 and 6.15 give the error in 0 and p based on the 
spot position on the active area of the PSD. It does not consider errors in any 
other axis or rotations, even though a change in 0  and p may be caused by 
a translation along an axis (for example) ; as there is not enough information 
from the 2 D axis data from the PSD to determine all 6D 0F information. 
Errors and disturbances m. X , Y , Z  and -0 are corrected by changing 0 and 
P-
= 2 tan"
P S D x .
2
R P S D
+  ECPjief (6.14)
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PSDxs
PSD 
Active
ST
Figure 6.35: Optical path from the 45° mirror within the telescope assembly 
to the active area of the PSD. The beam splitter takes a portion of the laser 
to where the receiver module would be.
2  tan - 1
P S D y .
2
R p S D
(6.15)
where RpsD is the reference distance from the centre of the 45° mirror to 
the active area of the PSD and PSDxs and P S D y  g are the x  axis and y axis 
position of the spot respectively.
6.1.5 Terminal Dynamics
The configuration of the PPM contains both translation and rotation compo­
nents. An understanding of these is essential in order to develop a model of 
the PPM that can be used for simulation of the design, and for development 
of the control system.
The behaviour of the PPM in translation along either the X ,  Y ,  or Z  
axis is governed by Newtons Second Law as in Equation 6.16.
Ex  =  rriT • ax  (6.16)
where Fx  is the force acting along the X  axis, m r  is the mass of the telescope
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assembly and ax  is the acceleration along the X  axis (and similarly for the 
Y  and Z  axis). The telescope is designed with the Center of Mass (CM) 
at the center through which the telescope assembly rotates. The location is 
shown in Figure 6.36. The acceleration {ax, a y  and a y )  can be found by 
taking the second derivative of the terminal displacement along each respec­
tive axis. The Inertia of the telescope assembly shown in Figure 6.36 can be
Y
Figure 6.36: Illustration showing the Center of Mass of the telescope assem­
bly. This is also the center point for the telescope assemblies axis.
described as Equation 6.17 and the values were obtained through simulation 
as Equation 6.18. Derivation of this matrix can be found in many works such 
as [136].
For this research the software package Solid Edge [117] was used to calcu­
late the inertia terms as a function of material properties. This approach 
allowed representative simulation models to be constructed (Section 7.2.1) 
while hardware was being fabricated. A good level of Experience using this 
approach was gained on other projects with minimal tuning to the control 
system as a function of the discrepancy between modelled inertias and the 
hardware. It was found that the simulated values from Solid Edge were dif­
ferent to the hardware but they were within acceptable levels that allowed 
the tuning of the hardware to be undertaken. If the discrepancy was too 
great then manual tuning of the hardware would not have been possible.
I p p M  —
Ixx —I x Y —Ixz
—lyx /yy —I y z
—Izx —IzY Izz
kgm" (6.17)
where /ppm is the inertia matrix of the telescope assembly, Ixx, /yy  and Izz  
are the principle moments of inertia and the others represent the products
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of inertia. Theses align with the X ,  Y  and Z  axis of the telescope assembly.
I p p M  =
264 -0.005 -0.008
-0.008 263 0.008
0.008 -0.005 283
, - 6 k g m ^ (6.18)
Using Equation 6.18 in Euler’s equation of motion to describe the rotational 
motion of the telescope assembly we yield Equation 6.19.
T x  =  I x x O x  +  X I x x ^ x (6.19)
where the torque about the X  axis is given by Tx,  (and similarly for the 
Y  and Z  axis), ljx is the angular acceleration about the X  axis and Cjx is 
the first derivative of the angular acceleration. For the telescope assembly 
the Coriolis forces (w% x I x x ^ x )  are so small that they can reasonably be 
neglected.
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6.2 Chapter Conclusions
This chapter has presented the hardware configuration of the PPM develo­
ped for use in experimentation to demonstrator the pointing resolution and 
accuracy of the the system developed. The Chapter also discussed the mo­
tion profiles of the telescope assembly and how these are achieved in the 
engineering model utilising the bespoke actuators. The effects of air gap on 
the force produced by the actuators over a range of air gaps was also used 
in conjunction with a force map from the permanent magnets in order to 
demonstrate the sizing of the cores and the steady state current that is ap­
plied to them. This was a driver for the design of the coils and the pole 
faces of each actuators and can be seen in the summary of Table 5.3. It 
also presented schematics showing the forces produced by the actuator confi­
gurations acting on the telescope assembly before moving on to discuss the 
implementation of the optical bench that was developed as part of Chapter 
4. The primary mirror is the only bespoke element required in the telescope 
assembly in order to reduce cost. It is machined from Aluminium and is solid 
in construction. In retrospect it would have been good to honeycomb this to 
reduce weight further. Honeycombing refers to the removal of material that 
is not essential to the functionality or structural rigidity of the part and is 
used extensively in the aerospace sector to save weight. This would have had 
the effect in reducing the mass and inertia of the telescope assembly meaning 
that the permanent magnets strength could be reduced. This would reduce 
the magnitude of the unwanted disturbances discussed in 6 .1 .2  and impro­
ved the power consumption of the actuators as less force would be required. 
Honeycombing the Aluminium support structure of the telescope assembly 
would also have been beneficial but this was a cost that the project could 
not sustain, but would be beneficial to future exploitation and evaluation of 
the PPM.
This chapter also discussed the manufacture of the actuators cores and the 
construction of the coils before giving an overview of the magnetic systems 
at work in the PPM. It also presented the kinematic model derived to re­
present the behaviour of the telescope assembly in the presence of the forces 
produced by the eight electromagnets and four pairs of permanent magnets. 
The amplifiers used in the engineering model are by now means eflScient, and 
discussion was given as to the reasons behind this choice and the functiona­
lity provided by the circuits.
Finally the sensor configurations were presented with imagery showing the 
locations and equations that were used to represent and relate the readings to 
displacement of the terminal in all six degrees of freedom. Similar work was 
presented for the fine tracking configuration before finally giving an overview
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of the terminal dynamics.
Chapter 7 
The P P M  Control System
The control architecture of the PPM consists of six Single Input Single Out­
put (SISO) decoupled controllers that each control a single degree of freedom 
using the sensor configuration discussed in 6.1.4. A further two controllers 
are then implemented using the fine tracking sensors. This control strategy 
is summarised in Figure 7.1.
IControlIersI PSD Sensor 
Model
IControllersI
Permanent 
Magnet Models
I Coarse I 
IC ontrollersI = F
Actuator
Dynamics
Models
Telescope Dynamics
=  T[Controllers
Figure 7.1: Overview of control strategy to levitate and track an optical 
signal. In red are the coarse controllers that levitate and actuate the telescope 
assembly using the eddy current probes, and in blue are the fine controllers 
that tilt the telescope about X  and Y  (cf) and p).
It is this combination that allows for the two resolutions achievable using 
the PPM (Coarse and Fine), the telescope assembly is actuated by manipu­
lating the magnetic field in order to change the displacement of the telescope 
assembly. In essence it obeys the relationship of Equation 7.1, where Fx  is 
the force along the X  axis, is the bias force applied to that actuator and
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<5/ is the demanded force from the control system to correct for disturbances 
on the telescope assembly.
Nx = fbias + (7.1)
Using the relationship between the force produced by the actuators and the 
current required to generate that force (Equation 5.18), together with the 
inverse of the terminal dynamics of Equation 6.1 the change in each indi­
vidual actuator, /„. The current demands from each controller are then 
mapped onto the required electromagnetic cores to generate these desired 
force changes to correct for disturbances and pointing errors influencing the 
telescope assembly. The controllers are implemented in the form of Lead-Lag 
compensators.
7.1 Controller Im plementation
The magnetic systems of the PPM are non linear, so it is therefore convenient 
to use a linearised representation of the telescope assembly based on the 
equations in 6.1.5 to develop the controllers. If it is assumed tha t each 
translation and rotation is decoupled then a separate linearised model can 
be produced for each degree of freedom. The non linear reluctance force 
generated by each actuator in the PPM is given again as 7.2 (with the removal 
of the minus sign that denoted attractive force, the signing is dealt with in 
the terminal dynamics module).
i ^ )  (I)A
By applying Taylor series expansion to Equation 7.2 and taking only the 
lower order terms, the force from each electromagnet can be represented as 
Equation 7.3.
■f  _____  f X o N ^ A p i ^  , f i g N ^ A p i o  f X o ^ ^ A p i ^Jn — ac2 “T
/ n  =  / o  +  H i à in  ~
From Equation 6.1, Fx can be simplified to Equation 7.4 with the term Kt 
introduced as gain later in the system.
= fb — fe — fr +  fs
(7.4)
F , =  -  4Æ(6(
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By applying Newtons second law to Equation 7.4 we yield
Fx = AKiSi — 4:K^0^ =  (7.5)
where m r  is the mass of the telescope and j  is the displacement along the X  
axis. Rearranging 7.5 and replacing Fx with Equation 7.4 the displacement 
can be found as Equation 7.6.
|  =  (7.6)
Taking the Laplace transform of Equation 7.6 the transfer function represen­
ting translation along the X  is 7.7.
rriT
A similar approach can be applied to Fy and Fz. By applying Euler’s equa­
tions of motion to the torques about each of these axis {Tx, Ty, Tz)  a similar 
expression for the rotations can be derived. Considering rotations about the 
Z  axis {Tz), the torque acting on the telescope assembly can be described as 
Equation 7.8.
Tz = r t{—f5 + fe — f? F fs) (7.8)
where Vt is the radius from the centre of the telescope assembly to the mid 
point of the rotor element of the actuators mounted on the telescope assembly. 
Applying Taylor series expansion again and putting into Equation 7.8 gives
7^ =  n(4;r^62 +  4Æ(J() (7.9)
Using linearised models, Lead-Lag compensators were developed in the form 
of Equation 7.10
K  = K x  X s +  V^xWcX s 4- ujixs
(7.10)
where K x  is a gain term for the axis in question, I3x is the damping coeffi­
cient and (jücx and u jx  are the corner frequencies of the lead and lag terms 
respectively. The gain term (K x)  was derived from the dynamic model for 
the telescope assembly when the gain of the controllers causes the magnitude 
to be 1 at the cross-over frequency. The gains are then tuned once when im­
plemented in simulation or on the hardware. When implementing the control 
strategy on the simulation model or hardware the controllers did not initially
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include an integration term (the lag term in the controller), which was ad­
ded once the system was stabilised. This made it easier to achieve levitation 
and actuation, although as expected the steady-state error was quite high 
for each axis. It was at this point that the fine controllers were introduced 
to the system to provide an extra level of feedback from the fine tracking 
sensor that manipulates (j) and p to compensate for pointing errors using the 
position error of the laser spot on the PSD. They take the same form as 
shown in Equation 7.10, and again did not include the lag term initially.
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7.2 PPM  M odels
This section presents the model developed to represent the PPM terminal in 
order to develop and evaluate the control systems and design of the PPM. It 
begins by discussing the Coarse pointing system and exploring the implemen­
tation within the Simulink [142] environment of Matlab. It then discusses the 
fine control system in a similar fashion before moving on to the experimental 
version of the Simulink model. This version include 10 blocks that allow 
interfacing to the hardware in the loop (the NI ADC/DAC cards). It also 
includes digitised versions of the controllers derived earlier in this document.
7.2.1 Simulation M odel - Coarse system
An overview of the model developed to simulate the PPM is shown in Figure 
7.2.
\p,
i , p ,
Sensor
Noise
S/C Disturbances
Non Linear 
Actuator 
Dynamics
Permanent 
Magnet Model
Precise Current 
Amplifier Model
Air Gap 
Maps Controllers
Sensor
Mapping
Modelled Telescope 
Dynamics
Figure 7.2: System diagram used to represent the PPM  for simulation, im­
plemented in Simulink.
The block labelled Modelled Telescope Dynamics represents the interac­
tion of forces on the telescope assembly (Equation 6.1). It takes the forces 
modelled for the pointing actuators (/i, / 2 , /s, / a), the translation actuators
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(/sj fe, /?? /s) and the forces produced by the repulsive permanent magnets 
(fg, fio, f i i ,  / 12) and produces the displacement along each axis (X , Y  and 
Z) and the rotations about those axis (<p, p and ijj). These values are then 
converted to the respective change in sensor reading before having sensor 
noise contributions adding to them. The sensor readings are then used to 
calculate the air gap at each actuator, and each permanent magnet pair. The 
Controllers then produce a demanded current {R to ig) to correct for any de­
viation from the reference or commanded telescope position. These currents 
are then put through a model of the current amplifiers that includes noise 
that was measured experimentally for each amplifier. Finally the deman­
ded current is used to calculate the forces produced by each actuator. The 
repulsive force generated by the permanent magnet pairs is also calculated 
as a function of air gap between the pairs using Equation ??. The system 
diagram of Figure 7.2 was then implemented in the Simulink environment of 
Matlab as shown in Figure 7.3. The block labelled Tdynamics implements 
the dynamic model of the terminal given by equation 6 .1 , this then passes the 
calculated forces and torques into the block labelled Terminal Plant. This 
block implements the dynamics of the terminal given by Equations 6.19 and 
6.16. The accelerations are then integrated twice to give the linear displa­
cements along the X ,  Y  and Z  axis, and the rotations ÿ, p and 'tp. Noise 
contributions are also added to each signal to represent the noise contribution 
from the sensors. They were added at this point in order to give more control 
over the infiuences of the noise models, and the values were adjusted based 
on experimental implementation to ensure the Simulink model matches the 
engineering model as closely as possible. This block also contains an embed­
ded Matlab function that stops the execution of the model if the position of 
the telescope moves beyond a pre-defined safe position. This block is shown 
in Figure 7.4.
These displacements then propagate to two main areas of the model. Firstly 
they are used in the feedback network of the closed loop control system for 
each axis as represented by Figure 7.1. Secondly they propagate to areas of 
the model that convert these to sensor readings and then the individual air 
gaps that would be seen by the actuators in the engineering model.
The first of the sensor blocks {Displacements to SI, 82, S3, shown in Figure 
7.5) calculates the readings that would be present on the pointing sensors 81, 
82 and 83. This is implemented using the geometric relationship between 
the position of the sensor heads and the base of the telescope assembly as in 
Equations 7.11, 7.12, 7.13.
51 = 5Z — rs^- tan{6 (j)) + ECPref (7.11)
5 2 — SZ rs X tan(6 p^) -t- ECPref (7.12)
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Figure 7.3; Simulink model developed to represent the PPM terminal, the 
model is closed loop representation of the terminal including representative 
sensor models and in this case the non-linear dynamics of each actuator.
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Figure 7.4: Simulink block representing the Terminal Plant block of the 
system implemented in Figure 7.3.
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Figure 7.5: Displacements to SI, S2, 5<?Mapping of simulated displacements 
to output from the pointing sensors Si, S 2 and S 3 .
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S 3  = SZ + Ts X tan(ô(/)) +  ECPref (7.13)
where is the radius from the centre of the telescope assembly out to the 
centre of the sensing face of the eddy current probes, 5^ and Sp are the 
changes in pointing angle (rotations about X  and Y),  and SZ is the change 
in levitation height.
These sensor values then propagate through to the SI, S2, S3 to Displace­
ments block where they are converted back to Z, S(j) and Sp using Equations 
6.7, 6 .8 , 6.9 which are implemented using the Matlab embedded function as 
in Figure 7.5. It is done this way to make the simulation model as similar as 
possible to the engineering model which reduced the time required to convert 
from the simulation model to engineering model.
The changes in the pointing actuator air gaps (fi, ( 2 , & and ( 4) are then 
calculated in the EI-E 4  block of Figure 7.6 which contains the embedded 
Matlab function and saturation blocks to represent the physical mechanical 
limitations of the actuators (Figure 7.7).
5?SIJ z
f - ?>sl.2
dPN
f -
^SL 4 dRho
Q> ♦QD
Q>
Embedded 
MATLAB Function
Figure 7.6: E l - E4 block used 
to calculate the air gaps bet­
ween the rotor and stator ele­
ments of the pointing actua­
tors.
Figure 7.7: Embedded Func­
tion implementing equations 
to calculate the air gaps of the 
pointing actuators.
In a similar fashion the air gap in the translation actuators is calculated using 
Figures 7.8 and 7.9. Figure 7.9 implements Equations 6.3, 6.4, 6.5 and 6 .6 .
The air gaps for the translation sensors however is not just a function of the
two sensors {S5 and Sq, discussed in 6.1.4), it also relies on the rotation of the 
telescope assembly about the Z  axis (-0). The embedded function of Figure
7.9 implements this correction in the form of Equations 7.14, 7.15, 7.16 and 
7T7
^5 =  ^ x y o  ~  ^^5 ~  f ta n   ^ — j  X  cos(o:)J (7.14)
?6 =  ixyo ~  +  ^tan  ^ ^  x cos(o:)^ (7.15)
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& — &2/0 — % tan - 1 —  X cos{a) .rsT /
(7.16)
& — &I/0 “  %  +  I tan - 1 X cos (a) (7.17)
where ^xyo is the reference air gap of each actuator (0 .6 mm), %  is the 
implementation of Equation 7.14 and the last set of brackets represents the 
contribution from the rotation of the telescope, 'ijj.
The air gaps that have been calculated (^i to (g) now propagate to the NonLin 
f  to i block tha t calculates the current required to drive each actuator to 
achieve these forces using the relationship from Equation 7.2. These currents 
then pass through a model that represents the precise current amplifiers 
developed in 6.1.3). The currents {ii to ig) tha t result from this block then 
propagate to the NonLin i to f  block with the air gaps (^i to ^g), in order 
to determine the eight forces ( /i  to /g) generated by the actuators (Figures
7.10 and 7.11).
The remaining four forces that are required to achieve levitation and actua­
tion come from the permanent magnets discussed in 5.1.2. The model blocks 
are shown in Figures 7.12 and 7.13. This block calculates the air gap of each 
pair of repulsive permanent magnets using the calculated air gaps of each 
actuator. The resultant forces produced by each pair is then used in the 
terminal dynamics.
The twelve forces are used in in the terminal dynamics model of the telescope 
assembly in order to calculate the three forces acting along the X , Y ,  Z  axis, 
and the torques about those axis (Figure 7.14).
Finally these six forces are used in the Terminal Plant (Figure 7.3) block 
to give the displacements and rotations of the telescope assembly. These 
are then used to provide feedback through the coarse controllers in order 
to actuate the telescope assembly (as discussed in Section 7). Figure 7.15 
shows the location of the six coarse controllers within the simulation model. 
Although this is a continuous time simulation model it is designed in such a 
way as to be representative of the hardware model. Therefore the controllers
E5 S5in
BS
S6 in
E7
B3 S7
PsiOut phi
Trans Sensor Map
Figure 7.8: Translation actuator air gap calculation block.
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Figure 7.9: Embedded function to calculate the air gap of each translation 
actuator.
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implemented here are in the same discrete form as the hardware model. The 
hardware uses the NI6023E analogue to Digital Converter card which has 
a sample period of IkHz. Therefore the control equations in the form of 
Equation 7.10 are converted to a discrete equivalent with a sample period 
of 1ms. This was done using the Tustin method which was implemented in 
Matlab and then converted to the state space variables A, B, C  and D  of 
Figure 7.16.
i1
Ü
13
14
f1 —
tE f2zz f3z, 18
17
18 
El
zz f4
E f5EE3
E4
E5
EE fBEEE7 f7z
f8 —
NonLinItof
Figure 7.10: Top level block repre­
senting the Non-Linear dynamics 
of the actuators
$ = : : H
KMp*(ul1l*2/uPl*2)
•KMp*(ul11*2/uPl*2)
KWp*(uI1l*2/upl*2)
-K ID
KMf(ul1l*2AiPl*2) -►CH)
-KZD
-KED
Figure 7.11: Implementation of
Equation 7.2 to model the Non- 
Linear forces produced by each ac­
tuator.
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Figure 7.12: Top level block
containing model of permanent 
magnets in repulsive configura­
tion,
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Figure 7.13: 
model.
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Figure 7.14: Forces acting on the telescope assembly used with the Terminal 
dynamics.
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architecture of simulation model 
for the PPM.
Figure 7.16: State Space imple­
mentation of the lead-lag control­
lers.
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7.2.2 Simulation M odel - Fine system
The Coarse System ensures that the telescope assembly of Figure 6.36 is 
stable and levitated with control over the positioning in all six degrees of 
freedom. This second system is then implemented on top in order to improve 
the resolution of (p and p. An overview of the Fine System model can be seen 
in Figure 7.17.
Figure 7.17: Fine system model representing the PSD sensor.
This part of the model uses the calculated position of the telescope assembly 
to calculate the position of the laser spot on the PSD’s active area using the 
geometry of Figure 6.35. The position of the laser spot is now represented 
by the position along the Xs and Yg axis of the PSD. These values propagate 
through to a switching block that allows the position of the laser spot to be 
tuned. It also contains a switching mechanism that disables the fine system 
if no laser spot is incident on the PSD (Figure 7.18).
CT> PSDsum is used to turn on output from sensor block
>03
>^Spso_ys ^ 03
Figure 7.18: PSDSwitches block used to control when Fine pointing is active.
This is required to ensure that the Fine Controllers do not act on any 
unwanted signals. In this simulation model the switching value is fixed at
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0 .2  which is representative of the lowest value at which optical power causes 
adequate signal to be present on the PSD during operation. This is calcula­
ted within the OT301 amplifier board of the PSD, and is a function of the 
intensity of the laser spot. The position of the laser spot on the PSD is then 
used to calculate the error in ÿ and p (ÿg and pe of Equations 6.14 and 6.15) 
as sown in Figure 7.19.
Q >
CI>
PSDys
r*§>-
PSDxs
Phl_e
PSDys fineerror
Rpsd
Rho_e
-KJD
P h i_ e
->CD
Embedded 
MATLAB Function
Figure 7.19: Error in pointing angle (ÿg and pe) as seen on the active area 
of the PSD.
These error contributions are then fed into the Fine controllers that are added 
to the coarse controllers of ÿ and p (highlighted in blue in Figure 7.17).
The simulation models developed in this section were used to develop the 
control system before implementation on the engineering model.
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7.2.3 Experim ental M odel
A system diagram of the hardware model implemented is shown again in 
Figure 7.20.
DAC
ADC
Precise C urren t 
AmpliDers
A ir Gap 
Maps
Coils
Controllers
Amplifiers
Telescope Antenna 
Dynamies
Computer
Figure 7.20: Overview of the hardware setup of the PPM experiment that is 
shown in the photo of Figure 6.1.
This shares as many similarities as possible with the simulation model pre­
sented in Section 7.2.2. The Computer section of Figure 7.20 contains the 
Simulink model shown in Figure 7.21
The development of this model from the simulation model sees the replace­
ment of the terminal dynamics with the DAC and ADC cards in the physical 
system (Highlighted in Olive in Figure 7.21). The only other difference is 
that the coarse controllers have been grouped together. The physical chan­
nel assignments of the input and output cards are shown in Table 7.1.
The connection of these cards to the model presented in Figure 7.21 is achie­
ved through the use of Matlab XPc targets Real Time I/O  model for the two 
cards. Once the kernel for this model is compiled to a host computer it allows 
stand alone operation with the ability to manipulate certain parameters and 
monitoring of signals in real time. Data is logged in the form of scopes that 
allow for the post processing of data.
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4444
Figure 7.21: Simulink model implemented on the Hardware of Figure 6.2.
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Channel A D C  Signal DAC Signal
CHO ECP 1 (5i) N/C
CH 1 PSD y  (n ) N/C
CH 2 ECP 3 (5s) *1
CH3 P S D sum N/C
CH4 N/C *2
CH 5 ECP 6 (%) N/C
CH 6 N/C N/C
CH 7 N/C k
CH8 PSD ^ (Xs) N/C
CH 9 ECP 2 (5s) H
CH 10 N/C N/C
CH 11 N/C k
CH 12 ECP 5 (%) *6
CH 13 N/C k
CH 14 ECP 7 (Sr) N/C
CH 15 N/C is
Table 7.1: I/O  assignment for input ADC card (PCI NI 6023E) and output 
DAC card (PCI NI 6703).
7.3 Conclusions
This chapter has presented the development and implementation of a simu­
lated environment to represent the PPM. This was built in the Simulink 
environment of Matlab. Originally this included linearised dynamics to re­
present the actuators in order to validate the model built (ensuring the it 
behaved as expected), before implementing the non-linear dynamics of the 
actuators. Each Simulink block has been explained and where required ap­
propriate equations have been given. In order to digitise the control system 
a Matlab function was used to convert from a continuous to discrete system 
using the Tustin transformation. Experience on other projects and a small 
study showed that this was the best transform and gave minimal deviation 
from the continuous controllers. These controllers were then converted into 
their State Space equivalent as this produced a better performance when 
running during experimentation.
A good level of agreement was found between the simulated and expe­
rimental models, however manual tuning of the controllers was required to 
produce a stable system. This was done in real time while observing the 
instability of the telescope assembly. Once the system was stable and re­
sponded to a range of commanded positions using sine waves and then step
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commands the system was considered commissioned and experimentation to 
ascertain the pointing performance could begin. This is the focus of the next 
chapter.
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Chapter 8 
Experim entation and R esults
This chapter presents results taken from the engineering model developed 
as part of this research in order to demonstrate the PPM. It begins by loo­
king at the power consumption of the engineering model before moving on 
to show the pointing resolution of the terminal. The chapter then moves 
on to demonstrate actuation of the telescope by observing its response to 
commanded changes in position.
8.1 Experiment Set-up
The experiments undertaken using the bespoke hardware developed to re­
present the PPM of this research focused on demonstrating that the resolu­
tion of a low cost terminal using low cost sensors (sub 3000 total) can achieve 
and maintain the resolutions required for an optical communications link as 
analysed in 4.1. It also aimed to demonstrate that the use of two levels of 
control loop, combined with two different quality of sensors could produce a 
higher enough resolution and accuracy for application to an OCT. To facili­
tate this a laser source was configured to represent a widely diverged beam 
that would be experienced at the entrance pupil to the telescope assembly. 
The telescope optics would then behave in a representative way by focusing 
the wide beam to a fine spot that would be incident on a tracking sensor 
and communications receiver unit, (receiver element not present in these ex­
periments). A schematic presenting the experimental set-up can be seen in 
Figure 8 .1 . The laser source in this scenario is attached to a diffusing lens 
that diverges the beam at an angle of 30° and is fixed at a distance of 300 mm 
vertically from the entrance pupil of the telescope assembly. This is repre­
sentative of the simulations undertaken in 4.1. In order to reduce the effects 
of vibrations and jitter caused by external infiuences the whole experiment
165
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PPM H ardw are
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C om puter
T e le sco p e  
'  a s sem b ly
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28vDC
PSU High
28vDC PSU
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Figure 8.1: Schematic showing the layout of the PPM Experiments underta­
ken to evaluate the pointing performance.
was mounted on an optics bench forming a passive anti-vibration table. No 
details regarding the bandwidth rejection profile of this table were available. 
An experiment was undertaken however to check the usefulness of conducting 
experiments on the anti-vibration table. The results of this test are shown 
in Figure 8.2. The experiment is set up in a similar way to the schematic of 
Figure 8.1. However no power is applied to the actuation mechanism, instead 
the telescope assembly was hard mounted using plastic shims to secure it in 
place. The laser source is then turned on along with the fine tracking sensor 
and the data acquisition system (XPC target). The transient response of the 
fine tracking sensor was then recorded over 250 seconds.
This procedure was repeated on a work bench (shown in blue) an on the 
anti-vibration table (shown in red). In each case the door to the laboratory 
was opened, closed and then opened again. It can be seen that in the blue 
trace this causes a disturbance at 160, 180 and 2 1 0  seconds, but when the 
same procedure was repeated the disturbances do not influence the measu­
rements. In each case the fine tracking sensor and telescope optics was also 
validated as being able to detect a displacement of sufficient resolution to 
measure a pointing error of ±3 //rad. The maximum displacement that the 
fine tracking sensor is quoted as measuring is 0 .1  //m, and in the experiments 
case a resolution of 0.32 //m was observed, which is adequate as the maxi­
mum resolution required to detect a rotation of 3 //rad in the configuration 
of the PPM is 0.46 //m. The linear displacement on the fine tracking sensor
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Figure 8 .2 ; Experiment validating the fine tracking sensor, and the perfor­
mance of the anti-vibration table.
is converted to the respective rotation in the computer system.
This experiment was only undertaken once on each platform, and in re­
trospect more results would have been preferred in order to give a more 
detailed evaluation of the sensing system.
The experiments themselves consisted of a number of stages illustrated 
by Figure 8.3. To begin with the stability of the system was tuned to create 
a stable levitation. The stability was assessed using the gain margin and 
phase margin of each controller in the system. This was achieved using a 
bespoke Matlab/ Simulink tool developed within the Control Systems Re­
search Group. It works by injecting a noise source into the system and then 
measuring the system’s response. Using a modified version of the Matlab 
Empirical Transfer Function Estimate, the ratio of the output Fast Fourier 
Transform (FFT) to in the inputs FFT is calculated resulting in the fre­
quency response of the closed loop system. This allows the generation of 
bode plots to represent both the magnitude and phase of the control system, 
and can allow parameters of the controller to be tuned to improve perfor­
mance. Represented in Figure 8.3 are the tuning stages that were conducted 
at a number of points throughout experimentation.
Once satisfactory levitation was achieved, a number of sine waves were 
used to exercise the actuators in all six degrees of freedom. This ensured that 
the mapping on the sensors was correct and that the linear controllers could 
operate over the displacement range given by the EC P’s. As the displacement 
of the telescope assembly increases the controllers being to operate outside
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Figure 8.3: Experiment flow chart showing the main stages to achieve de­
monstration of pointing resolution.
of the region around which they were linearised causing instability.
After recording and demonstrating the performance of the PPM over a 
range of sine waves, step responses were applied to each axis to measure 
the response of the controllers to a given change in displacement. These are 
demonstrated throughout 8.3. Finally the performance of the flne tracking 
sensor was evaluated with a view to improving the pointing resolution of 
the telescope assembly once combined with the coarse data produced by the 
ECP networks. The flne control loops were then used to characterise the 
performance of the pointing systems, given in 8 .6 .2 .
8.2 Power Consumption
The PPM engineering model developed as part of this research is not op­
timised and in some cases over engineered in order to provide a platform 
for development of the control system and demonstration of the mechanism. 
The coils of the actuators are supplied by a high current power supply unit 
at a constant voltage of 28 Volts (as shown in Figure 8.4). The electronics 
(such as the ECP amplifiers, filters and precise current amplifiers) are sup­
plied from TTi’s EL302Tv PSU’s capable of supplying up to 2 Amps per 
channel at 30 Volts DC (shown in Figure 8.5).
From the power consumption monitored on these PSU’s an indication of the 
power consumption of the PPM engineering model can be made. This is 
shown in Table 8.1.
8.2. POWER CONSUMPTION 169
Figure 8.4: High Current PSU de­
livering between 18.2 A and 19.9 A 
depending upon stiffness and posi­
tion of the PPM.
Figure 8.5: Power supplies for
associated electronics within the 
PPM.
System  Elem ent Electrical Power
Eddy Current Sensors
ECP Conversion board
Ant-Aliasing Filter boards
Current Amplifier control boards
Actuators for levitation
PSD tracking sensor (and amplifier
card)
0.12 A a t -18 v =  2.16 W 
0.01 A at 1 2  V =  0.12 W 
0.02 A at 12 V =  0.24 W 
0.5 A at 28 V =  14 W 
19.9 A at 28 V =  557.2 W 
0.3 A at 1 2  V =  3.6 W
Total Consum ption 577.32 W
Table 8.1: Power consumption of the T1004PPM engineering model.
As can be seen in Table 8.1 The total power consumption is approxima­
tely 577 Watts for the PPM terminal. These values are the average power 
taken from observations every 30 seconds during operation. The terminal 
was driven with a sequaence of commanded position changes about Z  and 
p during a 1 0  minute observation period.
The only element that this does not include is the computer system used 
for implementation and evaluation. As expected the major consumption ele­
ment is the electromagnetic actuators which account for roughly 96%. This 
is largely due to the bias forces that are applied to the pointing and trans­
lation actuators. The engineering model uses a bias force for each actuator 
on to which that required change in force as a function of telescope assembly
170 CHAPTER 8. EXPERIMENTATION AND RESULTS
position is added. The higher this bias force the more current that is drawn 
from the supply. This obeys the relationship of Equation 7.1. In the case 
of Table 8.1 a bias of approximately 2.9 Amps was applied to the pointing 
actuators ( /i, / 2 , /s, / a) and 2  Amps was applied to the translation actua­
tors (/s, /e, /?, /s). If this is reduced then the stiffness of the system is 
reduced but naturally the power consumption is improved. The lowest bias 
current at which stable levitation and actuation was achieved was 1.5 A on 
the translation actuators and 2 .2  A on the pointing actuators.
In practice the power consumption values are far higher than any other 
respective communications system [23], [42]. The average orbital power 
consumption of the TerraSAR platform with its OCT is approximately 800 
W. The power consumption of Table 8.1 would account for over half of the 
total power used by the spacecraft which is not a realistic budget.
However it has to be remembered that this is a proof of concept engi­
neering model rather than a representative system. The power higher power 
consumption seen in this experiment is largely due to the higher stiffness 
requirements for on Earth testing and in-efficient current driver boards (The 
heat-sinks required and shown in Figure 6.26 give an indication of the amount 
of heat generated by the existing system). It is envisaged that through further 
development this value can be reduced by 60% making it a more comparable 
system. The steps needed to achieve these savings would be the development 
of a new bespoke current driver system possibly utilising a switch mode confi­
guration.
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8.3 P P M  poin ting  R esponse
Presented here is data collected from the PPM when held under coarse le­
vitation. The telescope assembly is levitated in its home position through 
Figures 8 .6  to 8.15. The position of the telescope is held within approxi­
mately ±120 //Radians under the coarse control. This is consistent with the 
resolution available from the Eddy Current Probes that constitute the Coarse 
sensor network.
.x10 Rotation *, (Tx) (ECP data)
515mRadians
1.281 rnmdiaos
100 150
Time (s)
200
Figure 8 .6 : Rotation <fi of the telescope assembly as seen on the coarse sensor 
EC P’s (5i, Ss).
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Figure 8.7: Rotation p of the telescope assembly as seen on the coarse sensor 
ECP^s (^ 1 , ^ 2 , ^ 3).
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Figure 8.8: Rotation tp of the telescope assembly as seen on the coarse sensor
ECP S'y.
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Figure 8.9: Position X  of the telescope assembly as seen on the coarse sensor 
ECP ^6.
The initial spike at the beginning of the response shown in Figures 8.12 
and 8.13 is due to the telescope assembly moving from a resting position to 
the desired position. This only occurs during initial start up of levitation, 
and the response of the terminal to commanded positional changes while 
already levitating can be seen in Section 8.4.
The trace of Figure 8.14shows the trail left by the telescope assembly as it 
moves into the commanded position. Once there (after the initial spikes) it 
takes the form of Figure 8.15, which has the first 15 seconds of trace data 
removed, and is enlarged to show only the spot position on the PSD tracking 
sensor. The lobe that extends out to the bottom right hand side is caused 
by a blip about (p caused by the experimenter during this run (it can be seen 
at around 195 s in Figure 8.12).
Under fine control this improves to the targetted sub ±3 //Radian, which can 
be seen more clearly in the Histogram format of Figures 8.50 and 8.51. A 
similar steady state experiment was undertaken to show the performance of 
the PPM now under fine control using the tracking sensor. The position of 
the terminal now under the influence of the fine control loops for cp and p are 
shown in Figures 8.16 to 8.25. 
s
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X 10 Y axis displacement. (ECP data)
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Figure 8.10: Position Y  of the telescope assembly as seen on the coarse sensor 
ECP ^ 5 .
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X 10 3Z axis displacement. (ECP data)1.405
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Figure 8.11: Position Z  of the telescope assembly as seen on the coarse sensor 
ECP's (Si, Sg, S3).
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Figure 8.12: Position of the telescope assembly as seen on the Xs axis of the
fine tracking PSD sensor.
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Rotation p, (Ty) (PSD data)x10'
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Figure 8.13: Position of the telescope assembly as seen on the Ys axis of the 
fine tracking PSD sensor.
Spot position as seen on the active area of the PSD
X 1 0 '^
0.5
Q- -0.5
0,60.4
PSDXs (mm) xIO^
Figure 8.14: The PSD Xg, Ys axis showing the position of the laser spot
coming from the telescope assembly incident on the active area of the fine
tracking PSD sensor.
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,x  10 Spot position as seen on the active area of the PSD
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Figure 8.15: Enlarged view of the spot position as seen on the active area of 
the PSD.
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Figure 8.16: Rotation (f) of the telescope assembly as seen on the coarse sensor
EC P’s (5i, S'2 , %). Now the terminal is under fine control.
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Figure 8.17: Rotation p of the telescope assembly as seen on the coarse sensor 
EC P’s (^i, 5 2 , 5g). Now the terminal is under fine control.
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Figure 8.18: Rotation '0 of the telescope assembly as seen on the coarse
sensor ECP 5%.
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Figure 8.19: Position X  of the telescope assembly as seen on the coarse sensor 
ECP 5g.
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Figure 8.20: Position Y  of the telescope assembly as seen on the coarse sensor
ECP 5s.
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Figure 8.21: Position Z  of the telescope assembly as seen on the coarse sensor 
ECP’s {Si, S3 ).
X 10- Rotation *, (Tx) (PSD data)
' : : : :
: ; ; :
: : ■ : : ;
: ! ; 56.  i  pm: : : : : : :
i ! :
: : ; :
M : :
;
...... :
: i : i
; ! : i : /  : ! : : : : :
; 55. 8 pm : :
! ; : : : ;
; : M i : : : : i
...... ....... : ; : : : :■
: : : :
...... :......
: i
; : : : :
50 100 150
Time(s)
200 250
Figure 8.22: Position of the telescope assembly as seen on the Xg axis of
the fine tracking PSD sensor. This positional data is fedback via the fine
controllers.
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Figure 8.23: Position of the telescope assembly as seen on the Yg axis of 
the fine tracking PSD sensor. This positional data is fedback via the fine 
controllers.
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Figure 8.24: The PSD Xg, Ys axis showing the position of the laser spot
coming from the telescope assembly on the active area of the fine tracking
PSD sensor.
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.X 10 Spot position as seen on the active area of the PSD
1.392 1.394 1.396 1.398 1.4 1.402 1.404 1.406 1.408 1.41 1.412
PSDXs (mm) %1&^
Figure 8.25: Enlarged view of the spot position as seen on the active area of 
the PSD.
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8.4 Step  R esponses
Presented here are step responses that were implemented on the engineering 
model in order to demonstrate operation. Shown in red over laced are the 
simulated step responses from the system.
8.4 .1  X  A x is
The X  axis of the terminal was commanded with a series of 5 /im steps in 
the profile shown in Figure 8.26. The noise modelled in the simulations has 
a reasonable agreement with the experimental data. The resolution of the 
ECP can be seen to be around 2 //m which is what was expected from the 
PRS02 probe. Levitation was stable with noticeable stiffness to the touch 
throughout. If the step size was increased above 8.5 /xm it was found that 
the system began to oscillate and eventually become unstable. This is largely 
due to the reduction in force that can be produced by the X axis actuators. 
The angled translation actuators mean that control is gained over 'ip but 
controllability of the X-axis is reduced as only 30% of the force is seen as 
a translation. In future PPM systems it would be advisable to consider a 
study of the controllability due to the angle of the actuators.
Cottf arison between Sinulated and Experimental system.xlQ*
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Figure 8.26; Step response of X  axis (S's ECP data).
The simulated response shows a critically damped system that was tuned
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in two stages. The first stage used the theoretical gain values and other 
terms ascertained in Section 7.1. This gave a stable system but with large 
overshoot. The controllers gain was then manually tuned in order to improve 
the damping. The bode response from the simulated system was used to 
improve the bandwidth, gain margin and phase margin of the system [141]. 
An enlarged section of the step response can be seen in 8.27. From Figure 8.27
Comparison between Simulated and Experimental system.
Experimental
Simulated
Figure 8.27: Enlarged view of the step response of X  axis (S's ECP data).
the performance of the controller can be characterised in terms of percentage 
overshoot, which is a function of the damping coefficient of the system. In the 
case of the simulated step response in the X  axis the percentage overshoot 
is approximately 0.17%.
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8.4 .2  Y  A x is
The Y  axis of the terminal was commanded with a series of 5 /im steps in 
the profile shown in Figure 8.28. The noise modelled in the simulations has a 
reasonable agreement with the experimental data. The resolution of the ECP 
can be seen to be around 2 /im which is what was expected from the PRS02 
ECP. Levitation was stable with noticeable stiffness to the touch throughout.
Comparison between Smiiated and Experimental system.
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Figure 8.28: Step response of Y  axis {Sq ECP data).
The simulated response shows a critically damped system that was tuned 
in two stages. The first stage used the theoretical gain values and other 
terms ascertained in Section 7.1. This gave a stable system but with large 
overshoot. The controllers gain was then manually tuned in order to improve 
the damping. The bode response from the simulated system was used to 
improve the bandwidth, gain margin and phase margin of the system [141]. 
An enlarged section of the step response can be seen in 8.29. From Figure 8.29 
the performance of the controller can be characterised in terms of percentage 
overshoot, which is a function of the damping coefficient of the system. In the 
case of the simulated step response in the Y  axis the percentage overshoot 
is approximately 0 .1 1 %.
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Comparison between Simiiated and Experimental system.
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Simulated
1.795
Figure 8.29: Enlarged view of the step response of V  axis (Se ECP data).
8 .4 .3  Z A x is
The Z  axis of the terminal was commanded with a series of 5 jum steps in 
the profile shown in Figure 8.30. The noise modelled in the simulations has 
a reasonable agreement with the experimental data. The resolution of the 
ECP can be seen to be around 5.5 /im. Levitation was stable with noticeable 
stiffness to the touch throughout.
The simulated response shows a critically damped system that was tuned 
in two stages. The first stage used the theoretical gain values and other 
terms ascertained in Section 7.1. This gave a stable system but with large 
overshoot. The controllers gain was then manually tuned in order to improve 
the damping. The bode response from the simulated system was used to 
improve the bandwidth, gain margin and phase margin of the system [141]. 
An enlarged section of the step response can be seen in 8.31. Erom Figure 8.31 
the performance of the controller can be characterised in terms of percentage 
overshoot, which is a function of the damping coefficient of the system. In 
the case of the simulated step response in the Z  axis the percentage overshoot 
is approximately 0.28%.
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Camparisan between Simulated and Experimental system.
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Figure 8.30: Step response of Z  axis {Si, S 2 , S 3 ECP data).
Comparison between Simidated and Experimental system.
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Figure 8.31: Enlarged view of the step response of Z  axis {Si, S'2 , S 3  ECP 
data).
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8 .4 .4  (j) ro ta tion
The (j) rotation of the terminal was commanded with a series of 500 /.im steps 
in the profile shown in Figure 8.32. The noise modelled in the simulations 
has a reasonable agreement with the experimental data. The resolution of 
the ECP can be seen to be around 430 /xrad. Levitation was stable with 
noticeable stiffness to the touch throughout.
Comparison between Sinulated and Experimental system.
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Figure 8.32: Step response of axis {Si, S 2 , Ss ECP data).
The simulated response shows a critically damped system that was tu ­
ned in two stages. The first stage used the theoretical gain values and other 
terms ascertained in Section 7.1. This gave a stable system but with large 
overshoot. The controllers gain was then manually tuned in order to improve 
the damping. The bode response from the simulated system was used to im­
prove the bandwidth, gain margin and phase margin of the system [141]. It 
can be seen that the response of the experimental system is over damped 
resulting in a larger rise time but with no overshoot. An enlarged section 
of the step response can be seen in 8.33. From Figure 8.33 the performance 
of the simulated controller can be characterised in terms of percentage over­
shoot, which is a function of the damping coefficient of the system. In the 
case of the simulated step response in the (f) axis the percentage overshoot is 
approximately 2.85%. The control performance of the experimental system 
could be improved by reducing the damping.
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Comparison between Simulated and Experiment^  system.
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Figure 8.33: Enlarged view of the step response of 0 axis (^i, S 2 , Ss ECP 
data).
8 .4 .5  p  ro ta tio n
The p rotation of the terminal was commanded with a series of 500 pm  steps 
in the profile shown in Figure 8.34. The noise modelled in the simulations 
has a reasonable agreement with the experimental data. The resolution of 
the ECP can be seen to be around 330 prad. Levitation was stable with 
noticeable stiffness to the touch throughout.
The simulated response shows a critically damped system that was tu ­
ned in two stages. The first stage used the theoretical gain values and other 
terms ascertained in Section 7.1. This gave a stable system but with large 
overshoot. The controllers gain was then manually tuned in order to improve 
the damping. The bode response from the simulated system was used to im­
prove the bandwidth, gain margin and phase margin of the system [141]. An 
enlarged section of the step response can be seen in 8.35. From Figure 8.35 
the performance of the simulation controller can be characterised in terms of 
percentage overshoot, which is a function of the damping coefficient of the 
system. In the case of the simulated step response in the p axis the percen­
tage overshoot is approximately 11%. The experimental controller for this 
rotation functions much better than the 0  controller which could be down 
to the small difference in dynamics between the two axis. This experimen­
tal controller demonstrates critical damping with no overshoot which is the 
desired response.
190 CHAPTER 8. EXPERIM ENTATION AND RESULTS
Compaissn between Smutated and Experimental.
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Figure 8.34; Step response of p axis (S'!, <9 2 , S^ ECP data).
Comparison between Smulatsd and Experimental.
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Figure 8.35: Enlarged view of the step response of p axis (<9i, <9 2 , <9g ECP 
data).
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8 .4 .6  ^ ro ta tion
The ip rotation of the terminal was commanded with a series of 100 /zm steps 
in the profile shown in Figure 8.36. The noise modelled in the simulations 
has a reasonable agreement with the experimental data. The resolution of 
the rotation can be seen to be around 120 //rad. Levitation was stable with 
noticeable stiffness to the touch throughout.
Steady Stale Rotabon Psi, [Tz) (ECP data)
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Figure 8.36: Step response of ^  axis {Sj ECP data).
The simulated response shows a critically damped system that was tuned 
in two stages. The first stage used the theoretical gain values and other 
terms ascertained in Section 7.1. This gave a stable system but with large 
overshoot. The controllers gain was then manually tuned in order to improve 
the damping. The bode response from the simulated system was used to 
improve the bandwidth, gain margin and phase margin of the system [141]. 
An enlarged section of the step response can be seen in 8.37. From Figure 8.37 
the performance of the controllers can be characterised in terms of percentage 
overshoot, which is a function of the damping coefficient of the system. In the 
case of the simulated step response in the ip axis the percentage overshoot is 
approximately 0.21%. The experimental controller is critically damped and 
exhibits no overshoot in the commanded position changed.
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Comparison between Simulated and Experimental system
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Figure 8.37: Enlarged view of the step response of (p axis {Sj ECP data).
8.5 C oupling betw een  axis
The PPM system is treated having decoupled axis, hence the six single input 
single output control methodology. However in practice there is some cou­
pling between axis, meaning a change in one of them has some residual effect 
in others. This is visible when considering rotation about (p as illustrated in 
the graph of Figure 8.38 and Figure 8.39. This graph sees the terminal driven 
with a sine wave with a magnitude of ±11 mrad at a frequency of 0.25 Hz.
The coupling between the (p and the other rotations introduces an error in 
the order of 350 //rad when no fine tracking is implemented. This coupling is 
not present when the frequency of the terminal is reduced to less than that 
of Figure 8.40, and the coupling error is also eliminated when the terminal 
displacement is kept to within ± 8  mrad. No coupling is also exhibited during 
the step responses of Section 8.3.
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Response of PPM platen commanded rotation * (Rotations)
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Figure 8.38: All rotations (0, p and 'ip) overlaid showing coupling between 
these axis.
Response of PPM platen commanded rotation * (Translation)
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Figure 8.39: All translations (A, Y  and Z).
194 CHAPTER 8. EXPERIM ENTATION AND RESULTS
x10 Response of PPM platen commanded rotation * (Rotations)
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Figure 8.40: Enlarged view of all rotations.
8.6 P oin ting  A ccuracy
This section presents the pointing accuracy of the telescope assembly for both 
the simulation model and engineering hardware discussed in Section 7.2.
8.6 .1  S im u lated  P o in tin g
In order to evaluate the PPM the pointing resolution needs to be evaluated 
with a view to achieving the accuracies required for optical communication. 
Before the fabrication of the engineering model was complete a detailed simu­
lation model was developed as in Section 7.2.1. This included models for the 
representative noise values of sensors and hardware taken from either expe­
rimental of manufacturers recommendations. Since the PSD tracking sensor 
and the laser source were already purchased at this point experimentation 
was undertaken using precise position stages to confirm that it would pro­
vide sufficient resolution in order to satisfy the pointing requirements of the 
PPM. The Eddy Current Probes however were modelled using significantly 
worse resolution values as the sensing area available on the telescope assem­
bly of the PPM is only 30% of the optimum requirement for the EC P’s, and 
is fabricated of Aluminium so as to not interfere with the electromagnetic 
actuators used for control. This was assumed to degrade the performance of 
the ECP’s from a resolution of approximately 2 /rm to nearly 6  //m. This al­
lowed a representative model of the engineering model to be used to evaluate 
the control systems for fine and coarse pointing.
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With only the Coarse control system active the position of the Telescope is 
controlled to within ±75 /rrad as shown in Figure 8.41 (this is due to the 
radius out to the eddy current probes and the resolution of the sensor). This 
loop uses only data taken from the Sensonics Eddy current sensors with a 
resolution of 2 /rm. However the sensors are modelled in this simulation with 
a resolution of 6  /rm due to the sub optimum sense area of the telescope.
Histogram showing the noise distribution on the Y axis of the PSD sensor for coarse controi loops.
^  0.4
I
Pointing arror from centre of PSD (radians)
Figure 8.41; Normalised histogram showing the resolution of the coarse 
control loop for the simulation models pointing error angle as a function 
of spot position on the Ys axis of the tracking sensor. The Xg axis behaves 
similarly.
According to the optical analysis undertaken this is not good enough accuracy 
to maintain an effective optical link. By activating the Fine pointing loop 
the accuracy of the pointing increases to approximately 6  /rrad as shown in 
Figure 8.42. By combining Figure 8.41 and Figure 8.42 and then adding a 
normalized plot of Figure 4.7 we can obtain Figure 8.43.
Figure 8.43 shows that the accuracy of the terminal modelled in the non 
linear Simulink model is within the required pointing resolution at the 3db 
point determined by the BER, SNR and power curve generated as a function 
of pointing error. The model so far assumes that the noise in the eddy current 
probes is 6  jum, and the resolution of the PSD and amplifier is 0.2 jum (which 
is slightly greater than the data sheet recommendation). Translation errors 
are also modelled and overcome by changing the pointing angles cf) and p 
in order to adjust for the mis-point. The results of these simulations then
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Histogram showing the noise distribution on the Y  axis of the PSD sensor for fine control loop.
Pointing arror from centre o f  PSD (radians)
Figure 8.42: Normalised histogram showing the resolution of the fine control 
loop for the simulation models pointing error angle as a function of spot 
position on the Ys axis of the tracking sensor. The Xs  axis behaves similarly.
Histogram showing the noise distribution on the Y axis o f the PSD sensor for coarse and fine control loops.
i
0.2 -
-2 0
Pointing arror from centre o f  PSD (radians)
Figure 8.43: Plot showing the pointing accuracy required due to pointing
error Vs received power, and the simulated pointing accuracies achievable in
the T1004R2 Engineering model.
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formed the basis for the fabrication and implementation of the system on the 
bespoke engineering model.
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8 .6 .2  E n gin eerin g  M od el P o in tin g
This section aims to demonstrate the ability of the engineering model to 
maintain a commanded position within the desired coarse pointing resolution. 
It then demonstrates the change in this resolution due to the activation of 
the fine pointing loops.
Figure 8.44 shows the pointing resolution demonstrated in Section 8.3 for cj) 
through the use of just the coarse control system using Eddy Current Probes 
Sg and S3 .
Pointing Error for * using PSD axis data.
0 .7  -
-0.5  0  0.5
Pointing error distribution (Radians)
Figure 8.44: Histogram showing the resolution of the coarse control loop 
for the Engineering model. This plot shows a normalized Histogram for the 
pointing error angle 4> as calculated from the PSD spot position.
As can be seen from Figures 8.50 and 8.51 the pointing performance of the 
PPM is very nearlly adequate for the pointing of an optical communications 
terminal if a 2 sigma resolution is considered. This differs dramatically from 
the simulated coarse pointing performance presented in Figure 8.41. The 
reason for this is that during the commissioning phase of the engineering 
model, the performance of the PPM was found to be far worse than expec­
ted, with positional accuracy being worse than the coarse pointing results 
predicted in the simulation model. This also included a dramatic reduction 
in the displacement range that the sensors could physically measure (down 
to around 0.1 to 1.5 mm from an expected range of 0.1 to 4 mm, with the X  
and Y  translation sensors being reduced to a maximum of 0.7 mm).
POHVTfNG ACCURACY 199
After investigation the cause was found to be the sensing area and mate­
rial of the telescope assembly. A number of options were considered such 
as replacement of the ECP’s with another form of sensor or reducing the 
demonstration range of the PPM experiment. Experimentation was also un­
dertaken to try and improve the performance of the PPM by modifying the 
telescope assembly element of the PPM. Looking at the operating principles 
of the ECP’s, they perform best when a highly ferrous sensing material is 
used as the target (Hence why no problem was ever experience with 'ijj sensor, 
S 7  as this uses a steel plate as the sensing area). A solution was found that 
improved the performance to levels which are nearlly equal to the original 
quoted performance of 0.1 mm to 4 mm sensing range with a resolution of 2 
/rm. This involved lining the sensing areas of the telescope material with 1 
mm thick steel sheets as shown in Figure 8.45 and 8.46.
Figure 8.45: Image showing the 
base of the telescope assembly li­
ned with a 1 mm thick steel sheet.
Figure 8.46: Image showing the side 
areas of the telescope assembly lined 
with a 1 mm thick steel sheet.
This allows the eddy currents induced by the probes to flow more easily 
than in the Aluminium body of the telescope assembly while not causing 
any interference with the magnetic fields of the PPM actuators. Using this 
technique the results dramatically improved the performance of the PPM, 
and lead to the resolution of Figure 8.44.
Similar can be said of the performance of the p pointing system (Figure 8.47) 
If the fine pointing system is now activated using the laser spot position on 
the PSD as the reference point from which to control the pointing of the 
telescope assembly the normalised plot of Figure 8.48.
This does show improvement over the coarse control loops for (j) and is in line 
with the improvements in resolution that were estimated using the simulation 
model. However, since the coarse pointing system performed so much better
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Pointing Error for p using PSO^^ axis data.
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Pointing error distribution (Radians)
Figure 8.47: Histogram showing the resolution of the coarse control loop 
for the Engineering model. This plot shows a normalized Histogram for the 
pointing error angle p as calculated from the PSD spot position.
Pointing Error for * using PSD axis data. Fine Controi Loop
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Figure 8.48: Histogram showing the resolution of the Fine control loop for
the Engineering model. This plot shows a normalized Histogram for the
pointing error angle (f) as calculated from the PSD spot position.
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than was envisaged the difference between the two control loops is not as 
dramatic as in simulation. Similar results were obtained for p in Figure 8.49.
Pointing Error for p using PSD^^ axis data.
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Figure 8.49: Histogram showing the resolution of the Fine control loop for 
the Engineering model. This plot shows a normalized Histogram for the 
pointing error angle p as calculated from the PSD spot position.
By relating these results back to the received power as a function of pointing 
angle error the feasibility of a magnetically levitated terminal can be seen 
(Figures 8.50 and 8.51).
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Pointing Error for * using PSD axis data.
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Fine Control Loop 
Modelled Optical Link
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Figure 8.50: Coarse and Fine pointing control loops plotted against the re­
ceived optical power as a function of pointing angle error for (f).
Pointing Error for p using PSD^ axis data.
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Figure 8.51: Coarse and Fine pointing control loops plotted against the re­
ceived optical power as a function of pointing angle error for p.
By superimposing the statistical findings from experimental work looking at 
the pointing resolution of the PPM (Figures 8.50 and 8.51) onto the work 
undertaken looking at the signal to noise ratio of a sample receiver system
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(Figure 4.8) we can see that the pointing resolution of the PPM achieves 
a desirable high SNR. The relationship between the SNR and BER of the 
terminal would also mean that a lower Bit Error Rate would be seen.
Effects of Pointing error angle on the SNR of an OOK system with APD as receiver.
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Figure 8.52: Coarse and Fine pointing control loops (for p in this case) plotted 
against a normalised sample Signal to Noise Ratio taken from Sections 4.1.2 
and 4.1.3.
While the plot of Figure 8.52 suggests that the fine control loops would be 
redundant in the system (as the SNR criteria of Section 4.1.2 is satisfied 
through only coarse control), if a deep space optical link was considered a 
pointing requirement of 2  /rrad or less could be considered.
8.7 Conclusions
This chapter has introduced the configuration used in the experimentation 
to demonstrate the use of multiple sensor networks of differing resolutions, 
together with multiple control loops in order to improve the resolution to a 
level that can facilitate the transfer of data over an optical link. The sensors 
were commissioned to ensure that they operated within the required limits 
(±3 /rm for the EC P’s, and ±0.46 pm for the PSD). The usefulness of the
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anti-vibration table was also demonstrated, although not as thoroughly as 
could have been undertaken, definitely showed the worth.
The experimental procedure has also been shown with the controller tu ­
ning discussed. This was vital in order to ensure a good level of performance 
from the PPM. It also demonstrated that over the displacement range the 
linearised controllers operated well. The resolution of the sensing systems 
is discussed before moving on to show the response of the telescope assem­
bly over a range of step commands. This shows a good level of agreement 
between the simulated responses and the experiments undertaken.
A level of coupling was observed between the degrees of freedom when a 
large sine wave was injected into a single axis. This is discussed and demons­
trated for a single axis. It was found that this disturbance was negligible 
when a smaller magnitude sine wave was injected, and not present in the 
step responses.
Finally the pointing resolution of the PPM has been demonstrated in 
both simulation and hardware. The performance of the ECP’s in simulation 
was modelled as being worse than was actually found during experimenta­
tion. The pointing was also found to be within the required accuracy for 
application to an OCT, this is then related back to the SNR analysed in 
4.1.3.
Chapter 9 
Conclusions and 
Recom m endations
9.1 Conclusion
This research has seen the investigation, implementation and successful tes­
ting of a new concept for the precise pointing of, in this instance an op­
tical antenna for communications. The realisation of the PPM allows for 
sub micro-meter, and sub micro-radian resolution in all six degrees of free­
dom over a large displacement range. This represents a significant step for­
ward when compared with other mechanisms that utilise magnetic levitation, 
which, while achieving resolutions comparable to the PPM generally lack the 
displacement range.
Chapter 2  presented a review of existing technologies and techniques that 
are applicable to this research. This literature was split across a wide range 
of disciplines beginning with a review of existing magnetic systems before 
discussing some of the most relevant optical communications technologies. 
Active Magnetic Bearings (AMB)’s were also discussed as some aspects of 
the architecture and techniques were found to be useful influences for the 
technology in the PPM. The effects of satellite jitter and vibrations were 
considered and used as a reference to establish the required system stiffness.
Chapter 3 considered a number of scenarios to which the PPM could be 
applied. This also derived the link range over which the telescope optics ope­
rate and verifled that the field of view of the proof of concept model would 
have some benefits compared to traditional communications terminals. Ho­
wever the power consumption of the current system needs dramatic reduction 
to make it an attractive alternative.
Chapter 4 looked at the optical element of the PPM and analysed some
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of the important characteristics that effect the link budget. This in turn 
influences the design of the optics, which then influences the physical pro­
perties of the telescope assembly structure. The optical elements are then 
modelled in Zemax software to confirm the operation of the telescope optics 
designed. The error contributions acting on the optics were also modelled in 
order to ascertain the margins within which the telescope must operate. This 
showed what effects errors in each degree of freedom have on the pointing of 
telescope assembly.
Chapter 5 discussed different types of actuation technique that could be 
applied to fulfil the non-contact actuation of the telescope assembly within 
the PPM. It also showed the considerations that must be made in the selec­
tion of material for the cores of the actuators. It then presents the sensing 
concept and considers sensor types that would be applicable. It then looks 
at the interaction between the PPM  and the Earth’s magnetic field. Finally 
the design flow and evolution of the proof of concept is presented. This 
built on the design constraints of Chapter 3 and the influences of previous 
technologies reviewed in Chapter 2.
Chapter 6  presented how the proof of concept model developed in the 
previous chapter was implemented in hardware. It talks about the system 
configuration, sensors selected and actuation profiles. It also presents the 
precision current amplifiers that were developed to drive the current in the 
coils of the actuators. While they were very inefficient, the resolution was 
very high and allowed for control within the pointing ranges required for 
optical communications. It was concluded from the use of these that switch 
mode circuits would be more efficient, but experience in the development of 
these supplies showed that it was difficult to get repeatable performance, and 
they were susceptible to noise and change in the characteristics of the coils. 
The equations that map the sensor measurements to the displacement of the 
telescope are also discussed before considering the dynamics of the terminal.
Chapter 7 dealt with the development of the control architecture and 
system on both the simulation and experimental model. It takes the reader 
through the complex and quite representative model developed within the 
Simulink environment to represent the operation of the PPM before imple­
mentation in hardware. It was found that this had a good level of agreement 
with the experimental data. It also showed that linearised representation of 
the non linear actuator dynamics produced linear controllers that operated 
well when implanted into the non linear full system model. This also nega­
ted the need for complex non-linear controllers to be implemented such as 
H-inflnity.
Chapter 8  presented the experimental configuration and strategy em­
ployed before discussing results taken from both simulation and hardware.
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Steady state responses were shown for both coarse and fine pointing systems 
before looking at the response of the system to commanded step changes. 
Simulation results are also shown with the experimental data for caparison 
between the two systems. Coupling between the degrees of freedom was also 
presented and discussed before moving on to show the pointing resolutions 
of both the coarse and fine pointing systems.
9.2 Conclusions
The control strategy presented allows the combination of low cost lower re­
solution sensors for measuring the position within 6D0F, with a higher cost 
greater resolution sensor to achieve an overall increase in accuracy and re­
solution of the system. This strategy can be utilised to reduce the cost of 
implementation while retaining the resolution requirements within a system.
The frictionless environment, and contact less nature of the PPM means 
that the positional accuracy will not degrade as a function of mechanical 
wear. This also means that no lubrication is required. Although the lifetime 
and consistency of operation cannot be evaluated in the lifetime of this re­
search, no degradation or inconsistency in functionality could be observed 
during the 8  months of experimentation.
While the range of movement demonstrated by the engineering model of 
the PPM is limited, this is a function of cost rather than design. If sensors S 5  
and Sq (for sensing displacement of the telescope assembly along the X  and 
y  axis), were replaced with the more expensive ECP’s with a sensing range of 
4mm (rather than 2 mm) the full ±5° could be realised, as discussed in 8.4 the 
sensing surface area had to be kept small in order to allow the terminal to tilt, 
as the geometry meant that the edge of the telescope assembly would push 
against the sensor head if insufficient clearance was available. An increase 
in sensing range would mean that the geometry of this relationship could be 
altered, and a larger tilt range could be achieved to satisfy the ±5°.
It was also found during this research that a classical control approach 
using linear compensators in the form of Lead-Lag controllers was sufficient 
to meat the requirements in the research. However if the range of movement 
was to be increased further then the ± 2 ° demonstrated on the engineering 
model then a more complex control architecture may need to be selected (such 
as sliding mode, or Hoc). This is due to the operating point about which 
the linear control system is linearised about. The approach taken in the 
design and implementation of the PPM in this research has been to develop 
a detailed system model in order to develop the control architecture and 
compensator’s used for levitation and actuation of the telescope assembly.
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It has shown that there is a reasonably good level of agreement between the 
system model and the engineering model on which the control loops were 
implemented. Small tweaks to the gain of each controller were required, but 
using the SISO control architecture presented in Section 7 this was easily 
achievable. The stiffness of the system, while not measurable directly in 
this experimentation was significant to the touch and could be estimated 
through the relationships between the current and force generated from the 
actuators. This is scalable dependant upon environment and application, and 
if reduced stiffness can be afforded the power consumption of the terminal 
can be reduced. There is a minimum stiffness that is required for stable 
levitation and actuation over the maximum range of movement. However 
this change can result in a power consumption of nearer 300 W rather than 
the 577 W discussed in Section 8 .2 . Table 9.1 compares the PPM  to some 
other equivalent systems to demonstrate where the PPM  of this research 
falls. Compared are two other communications (the LCT of TerraSAR and 
the OPTEL-02) along with three pointing mechanisms (RAUG’s CPA and 
FPA), one of which (SOTA) forms a small sat demonstrator mechanism. 
Of all these terminals the number of degrees of freedom is greater giving 
more range and ability to correct in ways that the others cannot. It is also 
significantly lighter than the other communication terminals. If the telescope 
assembly with its optics are removed and replaced with a platen similar to 
that of the RUAG CPA then the weights there are comparable as well.
P a r a m e te r T 1 0 0 4  P P M  
(E n g . M o d e l )
O P T E L  0 2
[137]
T e r r a S A R -X
L C T -A T M
[231
R U A G  C P A
[138]
R U A G  F P A
[139]
S O T A  [140]
D egrees o f  
Freedom
6 2 2 2 2 3
Link R ange 1000km  to  
3000km
2000km 500 - 1000km
D a ta  R ate 1 G b it /s 1.5 G b it /s 5.6 G b it /s
C onsum p-
577 W 110 W 120 W 5 W 2 W 10 W
M ass 6.22 kg (Inc. 
T elescope)
29.6 kg 32 kg 20 kg 0.1 kg 3 .5  kg
A z ./E l.
R ange
± 0 .2 “ (2 8 0 “ 
Slip  R ing) /  
± 5 °
± 1 5 0 “ / - 2 5 ± 1 8 0 “ A z. and  
Ele.
25 “ to  8 5 “ 175° /  -20  to  
200°
± 7 m ra d  /  
± 7 m ra d
Table 9.1: Comparison between the PPM  developed in this research and 
equivalent systems.
9.3 Novelty
The work undertaken in this research has contributed to the state of art and 
is considered novel for the following reasons:
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• Complete mechanical isolation of the platen, as discussed previously 
not many of the existing architectures allow this, (even angstrom stages 
that use oil and fluids as a flotation medium could be considered to have 
a mechanical connection through the fluid).
•  Actuation in all 6  DGF, one of the only systems that can demonstrate 
micro-meter and micro-radian resolution across all 6  DGF and over 
comparatively large ranges.
• First known GCT architecture of its kind. No existing systems utilise 
magnetic levitation and actuation of the entire telescope assembly in 
order to achieve the pointing requirements to establish and maintain 
and optical link.
• Achievement of high resolution positional data from a combination of 
high and low resolution sensor networks.
9.4 Recommendations
While the engineering model of the PPM has demonstrated that the pointing 
resolution requirements to achieve and maintain and optical link, a number 
of elements could be addressed to improve the technology started in this 
research. The following points present some recommendations for future 
exploration of this technology.
• Magnetic Shielding - The effects of this has been considered as part of 
this research, and possible solutions have been presented. However this 
was only through simulation and would require implementation on the 
engineering model.
•  Increased FOV  - The Azimuth and Elevation range demonstrated in 
this research would benefit from an increase as discussed in Section 
3.1. This would make the PPM more applicable to a wider range of 
scenarios and applications.
•  Launch Lock - In order to survive launch a locking mechanism needs 
developing that holds the telescope in a safe position during launch and 
deployment. This would also make a beneficial touch down mechanism 
(the term is borrowed from active magnetic bearings) in order to reset 
the telescope assembly to a reference starting position.
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• Bespoke Electronics - The control architecture was implemented in a 
development environment to allow evaluation. To advance the techno­
logy level of the PPM  it would be advantageous to embed the sensor 
amplifiers, associated electronics and control system. This would re­
duce the power consumption and psimilarotentially improve the Signal 
to Noise ratio of the PPM by reducing noise picked up through wiring.
Active Control of Secondary Mirror - The telescope assembly is actua­
ted with the primary and secondary mirrors fixed in position. It was 
found during development of the optical bench that a small change in 
the position of the secondary mirror had a massive effect on the posi­
tion of the laser spot on the tracking sensor. Therefore an option to 
improve the FOV of the PPM could be to implement actuation of the 
secondary mirror. Although this would be advantageous, it was not 
developed as part of this research as it also introduces another source 
of error and would need controlling with a greater resolution to that 
of the entire telescope assembly. In terms of actuation. Piezo ceramics 
could be a viable solution for both the actuation and sensing as the 
movement range required would be of the order of micrometers. In 
order to retain the non-contact nature of the telescope assembly power 
could be transferred through induction loops. Although the efficiency 
of these loops is not very good, it may be sufficient to achieve the goal 
of this objective.
Precise current Amplifiers - The current amplifiers used in this research 
satisfactorily operate and achieve the required resolution and noise le­
vels, however the efficiency of them is very poor and large heat sinks 
are required during operation. Development of more efficient amplifiers 
while retaining the accuracy of current driven into the coils.
Coil Fabrication - The eight actuator coils function adequately but 
could be significantly improved. Epoxy resin is used between layers to 
maintain some level of uniformity during winding, and to improve the 
thermal conduction of heat dissipated during operation, but a better 
impregnation would improve these properties. During operation some 
high frequency oscillations can be heard ad these can be seen on some 
of the frequency responses taken from the engineering model and can 
be improved through better coil fabrication techniques.
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Certificate No: 2373
Certificate Of Conformity
To the requirements of an order.
1. Name and address of customer: ESOO Faculty of Eng & Physical Science.
University of Surrey 
Guildford 
Surrey 
GU2 7XH
2. Customer’s Order No: 68189374 of:
3. Details of items covered by this certificate:-
27/01/2010
Description: Eddy current driver unit, 2m system, 8mV/um senstivity,
std base plate.
Type Number: ECD04/20 IS0701-N
Quantity: 2
Serial Numbers: 115996 -115997
Other Details (e.g. Customer’s specification or drawing number):
Any concessions or exceptions:
4. Number and date of Advice/Delivery Note:
5. Certification
13612 dated 4/03/2010
We certify that, apart from any concessions or exceptions recorded above, the goods 
covered by this certificate have been manufactured and tested in accordance v/ith the 
customer’s order and specification/drawing if appropriate or with current documentation 
issued by Sensonics fop^ndard products.
Signed:...... ..................................Date:.......................  Manufacturing Inspector
Signed: ...... Date:  Quality Control
Supplied By;
r
NORTHBRIDGE ROAD, 35RKHAMSTED, HERTS, HP4 1EF, ENGLAND
Tel: +44 (0) 1442 878 833 E-mail: sales@sensonics.co.uk
Fax: +44 (0) 1442 876 477 W sb Sit's: www.sensonics.co.uk
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Certificate No: 2372
To the requirements of an order.
1. Name and address of customer: ESOO Faculty of Eng & Physical Science.
University of Surrey
Guildford
Surrey
GU2 7XH
2. Customer’s Order No: 68189374 of: 27/01/2010
3. Details of items covered by this certificate:-
Description: Eddy current driver unit for 8mm % sensitivity probes, 2m
system, sensitivity 4mV/um.
Type Number: ECD04/21 IS2616
Quantity: 4
Serial Numbers: 115992 -115995
Other Details (e.g. Customer’s specification or drawing number):
Any concessions or exceptions:
4. Number and date of Advice/Deiivsry Note:
5. Certification
13612 dated 4/03/2010
We certify that, apart from any concessions or exceptions recorded above, the goods 
covered by this certificate have been manufactured and tested in accordance with the 
customer’s order and Specification/drawing if appropriate or with current documentation 
issued by Sensonics fi^tandard products.
 Date:..ItJlJ.itSigned:
Signed:
te: .t.l.f.l i. Manufacturing inspector
 Date: Quality Control
Supplied By:
i r i
NORTHBRIDGE ROAD, BERKHAMSTED, HERTS, HP41EF, ENGLAND
Tel: +44(0)1442 876 833 E-mail: sales@sensonics.co.uk
Fax: +44 (0) 1442 876 477 Web Site: www.sensonics.co.uk
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Certificate No: 2371
C@itlffieate Of Conformity
To the requirements of an order.
1. Name and address of customer: ESOO Faculty of Eng & Physical Science.
University of Surrey
Guildford
Surrey 
GU2 7XH
2. Customer’s Order No: 68189374 of:
3. Details of items covered by this certificate:-
27/01/2010
Description:
Type Number:
Quantity:
Serial Numbers:
05mm eddy current probe , 50mm x M6 x 0.75 case, 2m 
armoured cable, female SMC, 8mV/um sensitivity.
PRS02/2.0A01
2
115990-115991
183032
Other Details (e.g. Customer’s specification or drawing number):
Any concessions or exceptions:
4. Number and date of Advice/Deiivery Note: 13612 dated 4/03/2010
5. Certification
We certify that, apart from any concessions or exceptions recorded above, the goods 
covered by this certificate have been manufactured and tested in accordance with the 
customei^s order and specification/drawing if appropriate or with current documentation 
issued by Sensonics jo^tandard products.
 Date: .A.l.lL.t Manufacturing inspectorSigned:, 
Signed:^ <d^ .,,
Supplied By:
Date:  Quality Control
NORTHBRIDGE ROAD, BERKHAMSTED, HERTS, HP4 IEF, ENGLAND
Tel: +44(0)1442 876 833 E-mail: sales@sensonics.co.uk
Fax: +44 (0) 1442 876 477 Wsb Sits: www.sensonics.co.uk
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Certificate No: 2370
Certificate wf Conformity
To the requirements of an order.
1. Name and address of customer. ESOO Faculty of Eng & Physical Science.
University of Surrey 
Guildford 
Surrey 
GU2 7XH
2. Customer’s Order No: 68189374 of: 27/01/2010
3. Details of items covered by this certificate:-
Description: zBmm eddy current probe , 50mm x MIC x 1.0 case, 2m
unarmoured cable, female SMC, 4mV sensitivity 0-4mm 
range.
Type Number: PRS04/2.0U011 IS3198
Quantity: 4
Serial Numbers: 115986 - 115989
Other Details (e.g. Customer’s specification or drawing number):
Any concessions or exceptions:
4. Number and date of Advice/Deiivery Note: 13612 dated 4/03/2010
5. Certification
We certify that, apart from any concessions or exceptions recorded above, the goods 
covered by this certificate have been manufactured and tested in accordance with the 
customer’s order and specification/drawing if appropriate or with current documentation 
issued by Sensonics standard products.
Signed:.............................. Date:  Manufacturing inspector
Signed:  Date:  Quality Control
Supplied By:
NORTHBRIDGE ROAD, BERKHAMSTED, HERTS, HP4 IEF, ENGLAND
Teb +44 (C) 1442 876 833 E-tnall: ssiesgsensonics.co.uk
Fax: +44 (0) 1442 876 477 Web Site: www.sensonics.co.uk
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SENSONICS ITD
NORTHBRIDGE ROAD, BERKHAMSTED, HERTS, HP4 1EF, ENGLAND 
Tel: +44 (0) 1442 876833, Fax: +44 (0) 1442 876477
Probe Type: 
Serial Number: 
Driver Type: 
Serial Number:
R esults
Calibration Certificate
Tamb:I PRS04/2.0U011 ~2T|°C
115986
STD
SEN:2115
Ext Type: |N/A |
S/No: |N/A ~1
Senturlon 8mm diameter range o f proxim ity probes
Distance Output
(in ttiou) (Volts)
RefPt 2
25 4.71
50 7.34
75 9.95
100 12.5
125 15.1
140 16.6
160 18.24
50 75 100 125 140
(Distance from reference point in thou)
160
Target Material Type: (ANSI 4140~|
Equipment List
SEN 1240 SEN
SEN 4 SEN
SEN SEN
Test Engineer Approval:
Date:
MAZAR SADAQ
03/03/2010
www.sensonics.co.uk
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SIHSONICS LTD
NORTHBRIDGE ROAD, BERKHAMSTED, HERTS, HP4 1EF, ENGLAND 
Tel: +44 (0) 1442 876833, Fax; +44 (0) 1442 876477
Probe Type: 
Serial Number: 
Driver Type: 
Serial Number:
R esults
Calibration Certificate
Tamb:PRS04/2.0U011
115987
~?n°c
STD
SEN:2115
Ext Type: |N/A 
S/No: |n/a
Senturlon 8mm diameter range o f proxim ity probes
Distance Output
(In thou) (Volts)
Ref Pt 2
25 4.68
50 7.26
75 9.82
100 12.29
125 14.69
140 16.14
160 17.72
50 75 100 125 140
(Distance from reference point in thou)
16025
Target Material Type:
Equipment List
I ANSI 4140
SEN 1240 SEN
SEN 4 SEN
SEN SEN
Test Engineer Approval:
Date:
MAZAR SADAQ
03/03/2010
www.sensonics.co.uk
266 APPENDIX B. COMPONENT CERTIEICATION
f  SENSONICS LTD
NORTHBRIDGE ROAD, BERKHAMSTED. HERTS, HP4 1EF, ENGLAND 
Tel: +44 (0) 1442 876833, Fax: +44 (0) 1442 876477
Probe Type: 
Serial Number: 
Driver Type: 
Serial Number:
R esults
Calibration Certificate
I PRS04/2.0U011 I Tamb: ~2Ï]°C
115988
STD
SEN:2115
Ext Type: |N/A 
S/No: [NÿA
Senturlon 8mm diameter range o f proxim ity probes
Distance Output
(in thou) (Volts)
Ref Pt 2
25 4.67
50 7.23
75 9.75
100 12.18
125 14.51
140 15.92
160 17.48
(V)
20
18
16
14
12
10
8
6
4
2
140 16050 75 100 12525
(Distance from reference point in thou)
Target Material Type: [ANSI 4140
Equipment List
SEN 1240 SEN
SEN 4 SEN
SEN SEN
Test Engineer Approval:
Date:
MAZAR SADAQ
03/03/2010
WWW. sensonics. co. uk
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SENSONICS LTD
NORTHBRIDGE ROAD, BERKHAMSTED, HERTS, HP4 1EF, ENGLAND 
Tel: +44 (0) 1442 876833, Fax: +44 (0) 1442 876477
Probe Type: 
Serial Number: 
Driver Type: 
Serial Number:
R esults
Calibration Certificate
Tamb:I PRS04/2.0U011 lilx
115989
STD
SEN:2115
Ext Type: |N/A 
S/No: InZa
Senturlon 8mm diameter range o f proxim ity probes
Distance Output
(in ttiou) (Volts)
RefPt 2
25 4.69
50 7.27
75 9.79
100 12.23
125 14.56
140 15.97
160 17.5
18
(V)
100 16025 50 125 14075
(Distance from reference point in thou)
Target Material Type: |ANSI 4140
Equipment List
SEN 1240 SEN
SEN 4 SEN
SEN SEN
Test Engineer Approval:
Date:
MAZAR SADAQ
03/03/2010
wwvf.sensonics.co.uk
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SENSONICS LTD
NORTHBRIDGE ROAD, BERKHAMSTED. HERTS, HP4 1EF, ENGLAND 
Tel: +44 (0) 1442 876833, Fax: +44 (0) 1442 876477
Calibration Certificate
Probe Type: 
Serial Number: 
Driver Type: 
Serial Number:
R esults
PRS02/2.0A01 Tamb: ~2Ï1°C
115990
STD
SEN:2082
Ext Type: [N/A 
S/No: N/A
Senturlon 8mm diameter range o f proxim ity probes
Distance 
(in thou)
Output
(Volts)
RefPt 2
10 3.98
20 6
30 8.01
40 10.09
50 12.11
60 14.12
70 16.25
80 18.18
(Distance from reference point in thou)
Target Material Type: |ansi 4140~
Equipment List
SEN 1240 SEN
SEN 4 SEN
SEN SEN
Test Engineer Approval:
Date:
MAZAR SADAQ
02/03/2010
www.sensonics. co. uk
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f  SENSONICS LTD
NORTHBRIDGE ROAD, BERKHAMSTED. HERTS. HP4 1EF. ENGLAND 
Tel: +44 (0) 1442 876833, Fax: +44 (0) 1442 876477
Probe Type: 
Serial Number: 
Driver Type: 
Serial Number:
R esults
Calibration Certificate
I PRS02/2.0A01 Tamb:
115991
STD
SEN:2082
Ext Type: |N/A 
S/No: IWÂ
Senturlon 8mm diameter range o f proxim ity probes
~2Ï1°C
Distance 
(in thou)
Output
(Volts)
RefPt 2
10 3.97
20 5.97
30 8
40 10.1
50 12.14
60 14.22
70 16.4
80 18.4
20
(Distance from reference point in thou)
Target Material Type:
Equipment List
I ANSI 4140
SEN 1240 SEN
SEN 4 SEN
SEN SEN
Test Engineer Approval:
Date:
MAZAR SADAQ
02/03/2010
www.sensonics.co.uk
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SENSONICS LTD
NORTHBRIDGE ROAD. BERKHAMSTED, HERTS, HP4 1EF, ENGLAND 
Tel: +44 (0) 1442 876833, Fax: +44 (0) 1442 876477
Probe Type: 
Serial Number: 
Driver Type: 
Serial Number:
R esults
Calibration Certificate
' I Tamb:STD ~2Ï]°C
SEN:2013
ECD04/20
115996
Ext Type: |N/A 
S/No:
Senturlon 8mm diameter range o f proxim ity probes
Distance 
(in ttiou)
Output
(Volts)
RefPt 2
10 4
20 6
30 8
40 10.05
50 12.08
60 14.13
70 16.16
80 18.12
14
(Distance from reference point in thou)
Target Material Type: [ANSI 4140~
Equipment List
SEN 1240 SEN
SEN 4 SEN
SEN SEN
Test Engineer Approval:
Date:
MAZAR SADAQ
02/03/2010
www.sensonics. co. uk
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f  SENSONICS LTD
NORTHBRIDGE ROAD, BERKHAMSTED. HERTS, HP4 1EF, ENGLAND 
Tel: +44 (0) 1442 876833, Fax: +44 (0) 1442 876477
Probe Type: 
Serial Number: 
Driver Type: 
Serial Number:
R esults
Calibration Certificate
I Tamb:STD TT|°C
SEN:2013
ECD04/20
115997
Ext Type: |N/A 
S/No: I N/A
Senturlon 8mm diameter range o f proxim ity probes
Distance 
(in ttiou)
Output
(Volts)
RefPt 2
10 3.99
20 5.98
30 7.97
40 10.04
50 12.05
60 14.08
70 16.01
80 18.04
(Distance from reference point in thou)
Target Material Type:
Equipment List
I ANSI 4140
SEN 1240 SEN
SEN 4 SEN
SEN SEN
Test Engineer Approval:
Date:
MAZAR SADAQ
02/03/2010
www.sensonics. co. uk
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SENSONICS LTD
NORTHBRIDGE ROAD, BERKHAMSTED. HERTS, HP4 1EF, ENGLAND 
Tel: +44 (0) 1442 876833, Fax: +44 (0) 1442 876477
Probe Type: 
Serial Number: 
Driver Type: 
Serial Number:
R esults
Calibration Certificate
I Tamb:STD Til°c
SEN-.2034
ECD04/21
115992
Ext Type: |N/A 
S/No: I N/A
Senturlon 8mm diameter range o f proxim ity probes
Distance 
(in ttiou)
Output
(Volts)
RefPt 2
25 4.55
50 7
75 9.54
100 12.05
125 14.56
140 16.02
160 17.58
(V)
20
18
16
14
12
10
8
6
4
2
5025 75 100 125 140 160
(Distance from reference point in thou)
Target Material Type: |aNSI 4140~
Equipment List
SEN 1240 SEN
SEN 4 SEN
SEN SEN
Test Engineer Approval:
Date:
MAZAR SADAQ
02/03/2010
www.sensonics.co.uk
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SENSONICS LTD
NORTHBRIDGE ROAD, BERKHAMSTED. HERTS. HP4 1EF. ENGLA.ND 
Tel: +44 (0) 1442 876833. Fax: +44 (0) 1442 876477
Probe Type: 
Serial Number: 
Driver Type: 
Serial Number:
Results
Calibration Certificate
I Tamb:STD
SEN:2034
ECD04/21
115993
Ext Type: |N/A 
S/No: InZ^
Ti1°c
Senturion 8mm diameter range o f proxim ity probes
Distance Output
(in ttiou) (Volts)
Ref Pt 2
25 4.56
50 7.01
75 9.54
100 12.03
125 14.54
140 16.02
160 17.6
(V)
20
18
16
14
12
10
8
6
4
2
125 16025 50 75 100 140
(Distance from reference point in thou)
Target Material Type: [ANSI 4140
Equipment List
SEN 1240 SEN
SEN 4 SEN
SEN SEN
Test Engineer Approval:
Date:
MAZAR SADAQ
02/03/2010
www.sensonics.co.uk
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SENSONICS LTD
NORTHBRIDGE ROAD, BERKHAMSTED, HERTS, HP4 1EF, ENGLAND 
Tel: +44 (0) 1442 876833, Fax: +44 (0) 1442 876477
Calibration Certificate
Probe Type: 
Serial. Number: 
Driver Type: 
Serial Number:
R esults
STD Tamb: Tn°c
SEN.-2034
ECD04/21
115994
Ext Type; |N/A 
S/No: I N/A
Senturion 8mm diameter range o f proxim ity probes
Distance Output
(in thou) (Volts)
RefPt 2
25 4.56
50 7
75 9.54
100 12.04
125 14.55
140 16.03
160 17.63
(V)
20
18
16
14
12
10
8
6
4
2
25 50 75 100 125 140 160
(Distance from reference point in thou)
Target Material Type:
Equipment List
|ANSI4140~
SEN 1240 SEN
SEN 4 SEN
SEN SEN
Test Engineer Approval:
Date:
MAZAR S/\DAQ
02/03/2010
www.sensonics.co.uk
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SENSONICS LTD
NORTHBRIDGE ROAD, BERKHAMSTED, HERTS, HP4 1EF, ENGLAND 
Tel; +44 (0) 1442 876833, Fax: +44 (0) 1442 876477
Probe Type: 
Serial Number: 
Driver Type: 
Serial Number:
Results
Calibration Certificate
I Tamb;STD ~?T|°C
SEN:2034
ECD04/21
115995
Ext Type: [N/A 
S/No: \WA
Senturion 8mm diameter range o f proxim ity probes
Distance 
(in thou)
Output
(Volts)
RefPt 2
25 4.55
50 7
75 9.54
100 12.04
125 14.56
140 16.04
160 17.61
(V)
20
18
16
14
12
10
8
6
4
2
75 100 125 140 16025 50
(Distance from reference point in thou)
Target Material Type:
Equipment List
[ANSI 4140
SEN 1240 SEN
SEN 4 SEN
SEN SEN
Test Engineer Approval:
Date:
MAZAR SADAQ
02/03/2010
www.sensonics. co. uk
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5 ( L E  S y S T E R E
MBDA UK LTD DIAMOND TURNING FACILITY 
TEST REPORT
Drawing No. 
Quantity 
Project No.
T1004
2
53/04226/451
INTRODUCTION
This report shows the results for the Surrey Space Centre Primary 
mirrors.
It contains profile traces of the parabolic surface taken with a calibrated 
on-machine LVDT probe.
T ested by: Anthony MacPherson \2 8 ^
Approved by: Dominic Whelton \ z 7 y
Date: IS"’ April 2010
MBDA UK Umited 
PO Box 19
Six Hills Way, Stevenage, Hertfordshire 
SGI 2DA England
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